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GAS TURBINE FACE SEAL THERMAL DEFORMATION AND COMPUTER PROGRAM 
FOR CALCULATION OF AXISYMMETRIC TEMPERATURE FIELD 
by Terrence E. Russell, Gordon P. Al len, Lawrence P. Ludwig, 
and Robert L. Johnson 
Lewis Research Center 
SUMMARY 
The effects of seal deformation on seal balance are pointed out. In particular, di­
vergent sealing faces are shown to be undesirable. A s  a first step in determining seal­
ing face deformation, a computer program is presented for calculating the temperature 
field in the arbitrary body of revolution with arbitrary thermal boundary conditions. The 
program, which is written in FORTRAN IV language for an IBM 7094 digital computer, 
is general and can be applied to a variety of problems. Application of the program to a 
specific gas turbine mainshaft seal is demonstrated in detail; both computer input and 
output data a r e  given. The program is also used to  solve an example problem which has 
an exact solution; thus a partial check on program accuracy is provided. 
INTRODUCTION 
Face seals in advanced gas turbine engines will be subjected to temperatures, pres­
sures, and sliding surface speeds higher than that of current engine practice. Increases 
in temperature arise from continuing increases in flight speed and turbine inlet temper­
ature (ref. l), increases in pressure result from use of higher pressure ratio compres­
sors, and increases in surface speeds are due in part to increases in shaft diameter 
needed to carry increases in torque. A s  an example, proposed advanced engines have 
seal sliding speeds to 500 feet per second (127 m/sec) (ref. 2) as compared to 350 feet 
per second (88.9 m/sec) in engines in current use. In order to  cope with these higher 
temperatures, pressures, and speeds, the contacting-type face seal may be replaced 
with noncontacting face seals such as the hydrostatic and hydrodynamic type (ref. 3). 
However, regardless of the type of face seal used, deformation of the sealing faces, due 
to  thermal gradients, pressures, and centrifugal forces, will have significant effects on 
seal performance (ref. 4). In particular, deformations due to thermal gradients are a 
major problem area. The first step in determining thermal deformation is calculation 
of temperature distribution in the seal assembly. Such calculation by computer program 
is the subject of this report. The specific objectives of this study were to (1) present in 
detail a computer program for calculation of temperature distribution in axisymmetric 
bodies, (2) show how the computer program is applied to mainshaft seal thermal analy­
sis, and (3) demonstrate program accuracy by comparison with a thermal problem having 
an exact solution. 
The computer program for calculation of temperature distribution is written in 
FORTRAN IV computer language for use on an IBM 7094 digital computer. The program 
is quite general and can be applied to a variety of misymmetric body problems. The cal­
culation procedure requires that these bodies be divided into an arbitrary finite number 
of axisymmetric volume elements o r  nodes. These nodes need not be equal in cross  sec­
tion. The program will take into account contact resistance at the interface between 
nodes and will also account for material properties that vary from node to node. Also 
provisions are made in the program to handle varying gas temperatures along the seal 
boundaries and internal viscous heat generation within the fluid at the boundaries. 
SYMBOLS 
A area, f t2 

*x cross section area, f t
2 

a outer radius of rotor o r  stator, f t  

C thermal conductance, Btu/(sec)(OF) 

cf skin friction coefficient 

CM torque coefficient 

cP 
specific heat, Btu/(lbm)('F) 

D hydraulic diameter, f t  

DL characteristic length for liquid film cooling, f t  
d differential 
F function of 
f view factor for radiation 
Gr  Grashof number 
3GrD Grashof number based on diameter, Dogo(Tb - Tsjv:Tf 
GrL Grashof number based on length, L 
3go(Tb - Ts) v T

































gravitational acceleration, ft/s ec2 
convective conductance, Btu/( sec)( O F )  
heat transfer coefficient, Btu/(ft 2)(sec)('F) 
P / w  
thermal conductivity, Btu/(ft)(sec)(OF) 

length of cylinder or  surface, ft 

axial length, in. o r  f t  

radiative conductance, Btu/ (sec)(OF) 

Nusselt number, hDL/k 

wetted perimeter, f t  

P randtl number 
 - -
Prandtl number of boundary film, 
FP?lf 

heat flux, Btu/sec 

internal heat generation, Btu/sec 

fluid internal heat generation, Btu/sec 

thermal resistance, (sec)('F)/Btu 





critical Reynolds number for transition 

Reynolds number based on total velocity, (lf=)s/vfr + Va
w 
Reynolds number based on mass flow, WaD/pf 

Reynolds number based on flow length, V.,X/vf 

Reynolds number based on rotation, w r  2/vf 

radial coordinate, f t  

radial width, in. o r  f t  

average radius of element, in. o r  f t  

inner radius of annulus between cylinders, ft 

outer radius of annulus between cylinders, f t  





T temperature, OF 

Tav average (or film) temperature, OF 

Tin temperature entering fluid element, OF 

Tout temperature leaving fluid element, OF 

Tca bulk fluid temperature, OF 

Taf Taylor number of boundary film, w r s  3/2/vf 3/2 

'a axial velocity, ft/sec 

VR linear velocity of inner cylinder, ft/sec 

Vtot total fluid velocity, ft/sec 

vca free stream velocity, ft/sec 

W mass flow rate, lbm/sec 

wa mass flow per square foot of cross section, W/A,, lbm/(ft 
2)(set) 

W over- relaxation factor 
X flow length, f t  
Z axial coordinate, f t  
cy coefficient of thermal expansion 
P angular velocity of fluid, rad/sec 
a partial derivative 
A difference 
E emissivity for radiation 
P absolute viscosity , lbm/ (f t )(sec\ 
V kinematic viscosity, f t2/sec 
P density, lbm/ft3 
rt tangential shear stress at wall ,  lbf/in. 
2 
0 rotor angular velocity, rad/sec 
Subscripts: 
b at fluid bulk temperature 
C convective 
e environment 
ei between element and environment 
4 
es  from environment to element 





j neighbor element of i 

j i  between neighbor and element 

k environment "area" affecting element i by radiation 

ki between environment "area" k and element 
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DISCUSSION OF THERMAL DEFORMATION IN SEALS 
Figure 1is a schematic drawing of a gas turbine mainshaft seal for bearing sumps. 
The seal restricts leakage of surrounding high temperature, high pressure gas into the 
PI> Po 
Housing Oil-air mist 
High 
f .:.:.:.:./ 11 Shaft L N o s e p i k e  I i l  




sump. The gas leakage, through the seal into the sump, acts as a sweep gas which helps 
prevent oil leakage. However, it is desirable to minimize this gas leakage, since the 
hot gas degrades the lubricant and adds to the cooling requirements of the lubricant sys­
tem. 
Seal leakage and wear are grossly affected by seal force balance and it has been 
recognized that deformation of the sealing faces (which form the dam) can have a signifi­
cant effect on the seal force balance (ref. 5). A discussion of seal force balancing can be 
found in reference 6. The manner in which the sealing face deformation affects the seal 
force balance and stability of a conventional face seal is discussed in reference 7. In 
general, thermal deformations cause the seal faces (dam) to form a nonparallel leakage 
path, and the pressure within these sealing faces is greatly dependent on the shape (con­
vergent o r  divergent) of this leakage path; thus the force balance is affected by the ther­
mal deformation. 
Thermal gradients usually produce sealing gaps divergent from the dam inside diam­
eter to the outside diameter. Thus, it is usually advantageous to locate the higher pres­
sure at the seal outside diameter since this will result in convergence with respect to the 
leakage direction. However, many face seals a r e  designed with the higher pressure at 
Parallel faces Divergent faces 	 Seal r u b  caused 
bv divergence 
I 





ioo 200 300 400 500 600 700 800 900 
Sealed a i r  temperature, "F 
I I I I I 
300 400 Hx, 600 700 
Sealed a i r  temperature, K 
Figure 2. - Effect of thermal deformation on a i r  leakage of orif ice 
compensated hydrostatic seal. Sliding speed, 200 feet per second 
(61.0 mlsec); ressure differential, 100 pounds per square inch  





the dam inside diameter and the gas turbine face seal is an example of this construction 
practice. The advantage of placing the higher pressure gas at the dam inside diameter 
puts the oil mist at the outside diameter; thus centrifugal force also acts to prevent oil 
leakage. 
Thermal deformation also affects operation of hydrostatic seals. Figure 2,  from ref­
erence 4, shows the effect of sealing face deformation on leakage through a hydrostatic 
seal  operating at 200 feet per second (61.0 m/sec) and 100 pounds per square inch 
4(6.89~10N/m 2) pressure differential. With a sealed air temperature of 120' F (322K), 
the seal leakage is approximately 13 SCFM (0.0062 standard m 3/sec) and as  the air tem-
Figure 3'. - Overall wear pattern, surface profile traces, and photomicrographs of tungsten carbide seal seat. Sodium temperature, 1oOO" F (538"C ) ;  
operating time, 4 hours; sliding velocity, 79feet per second (24 mlsec) ;  pressure, 50 pounds per square inch gage (34Nlcm2 gage). 3ata from ref. 6.1 
7 
perature is increased, the leakage decreases. This leakage decrease is due to increas­
ing angular deformation of the sealing gap. The result is that the seal runs with closer 
clearance. Eventually as the air temperature increases still further, the deformation 
causes the inside diameter of the nosepiece to rub against the seal seat and failure occurs. 
Seal thermal deformation effects have also been noticed in other applications. As an 
example, reference 6 reports that the main problem in sealing liquid sodium with a face 
contact seal was thermal deformation of the sealing faces. Some results of this study are 
repeated in figure 3 which shows the wear pattern made by a nosepiece sliding against a 
seal seat. Surface profile traces have been taken at intervals around the wear track. 
These profile traces show that the sealing faces were not parallel during operation, the 
greatest wear occurring at the inside diameter. The slope of the wear pattern suggests a 
divergence in the range of 0.006 inch p e r  inch (0.006 m/m) of radial distance. 
Regardless of the seal type (face contact, hydrostatic, or  hydrodynamic), the sealing 
gap is usually small (0.0001 to 0.0010 in. o r  0.00025 to 0.0025 cm for gas film seals) 
and deformations can easily be of the same magnitude, thus affecting seal performance 
significantly. These sealing face deformations could arise from temperature, pressure,  
or centrifugal force effects. Careful design can minimize undesirable effects due to 
pressure and centrifugal force. Deformations due to temperature gradients a r e  usually 
difficult to eliminate. Even the heat generated in shearing a thin film of gas within the 
interface can introduce a significant and undesirable thermal gradient in the seal rings. 
The preceding evidence indicates that thermal deformation can significantly affect 
seal performance. The first step in analysis of these thermal deformations is calculation 
of the temperature fields in the seal assembly, and the computer program for these calcu­
lations is given in  the following sections. 
ANALYSIS OF TEMPERATURE FIELDS IN AXISYMMETRIC BODIES 
Shaft seals a r e  composed of basically axisymmetric bodies. Also, the circumferen­
tial temperature gradient approaches zero for  most applications. Therefore, the cylin­
drical coordinate system is used as a basis for analysis. The following restrictions are 
placed on the thermal analysis: 
(1)A steady state must exist. 
(2) An axisymmetric temperature field must exist. 
Therefore, with internal heat generation, the heat conduction equation in cylindrical 





j =2, with k2 I 
' IWest" neighbor, 
j = 3, with kj 
0 %­
r
i RCji -8 
"South" neighbor, R4i Ri R2i R2 
Z I I l l 
Figure 4. - Seal axisymmetric nosepiece subdivided into 
f in i te number of threedimensional axisymmetric 
volume elements. 
Figure 5. -Typical in ter ior  (ith)element and its four neighbor elements. 
where r is the radial coordinate, k is thermal conductivity, z is the axial coordinate, 
T is temperature, and q is internal heat generation. 
Equation (l),which makes no restrictions of constant thermal conductivity k, can be 
approximated by a finite difference numerical approach in which thermal conductivity is 
held constant over small regions. In this finite difference approach, each of the axisym­
metric bodies, which comprise the seal, is subdivided into a finite number of three-
dimensional axisymmetric volume elements of rectangular cross section (see fig. 4). 
These elements need not be equal in cross-sectional area. In general, there will be P 
elements of which m are elements whose temperature is obtained by solving a heat bal­
ance equation and P - m are elements in which the temperature is specified. Figure 4 
indicates the position of a typical interior element (ith element). The numbers assigned 
to the neighboring elements will be determined in the construction of the element pattern, 
but for the purpose of developing the heat balance equation these neighboring elements are 
numbered 1, 2, 3, and 4 (see fig. 5). 
For the numerical solution, the application of the law of conservation of energy at 
each volume element allows good generality to be maintained. Referring to figure 5, a 
heat balance for steady-state conduction at element i results in the following difference 
equation: 
9 
where the Q.. t e rms  are the heat fluxes from the neighboring elements o r
J 1  
in which the conductances C.. are computed as follows with reference to figure 5: 
J1 
Azl Azi 1 
Rli = -1 -- 2 - + 2 
Cli 2aR1 Arlkl 2sRi Ariki + RCli 
- 5ARi 
R . = - E1 2 + 2 + R21 C2i 2aRmi Az.k. 2nRm2 Az2k2 '2 i
1 1  

where R.. is thermal resistance. A s  an example, for heat conduction from neighbor
31 
element 1 to the ith element, the resistance is made up of the resistance of one-half 
that of the ith element plus one-half that of neighbor element 1 plus the contact resis­
tance Rc.. . Thus the calculated temperature is that of the element center. However, 
31
the thermal conductivity assigned to the whole element volume is the value at the temper­
ature of the element center. 
Equation (2a) can be stated concisely as 
4 
m 
P j i ( T j  - Ti) + 4.1 = 0 (3) 
j= 1 
where i is the element under consideration, the j 's are its four neighboring elements, 
and 1 Ii c: m. At the outer surfaces of the axisymmetric bodies, which comprise the 
seal, the ith element will have less than four solid neighbor elements but will have en­
vironmental radiation and convection effects on the external surface (or surfaces) (fig. 6). 
This means that some of the j neighbors are replaced by environmental regions which 
a r e  identified as the kth a rea  for radiation and the Z t h  area for convection. It should 
be noted that an external surface could have both radiation and convection effects. The 
kth and Z t h  a reas  would, therefore, be superimposed. 
10 

Environmentj - 3  
neighbor i node 
node . 
* t-Qei 
Figure 6. - Typical element wi th env i rmment  convection andlor radiation 
to  one surface. 
An ith element could have radiation on more than one face. This radiation heat 
flux is 
k=1 
An ith element could have more than one face with convective effects 
Q11 = 2Hzi(TZ - Ti) (5)-
2=1 

Combining equations (3), (4), and (5) results in the difference equation for the heat bal­





- Ti) + Nki(Tk - Ti) + HZi(Tz - Ti) + 'qi = 0 (6 1f: 31 
j=l \k=l J ,2=1 
1-




It should be noted that equation (6) establishes the convention that heat flowing from an 
element has a negative value and heat flowing into an element has a positive value. 
In addition to the boundary conditions of radiation and convection, two other boundary 
surface conditions arepossible. The heat f lux  may be a specified function 
where C(r, z) = 0 for  a perfectly insulated surface. Or the heat transfer coefficient may 
be a specified value such as 
hei = f(r,z) .(or Hei = f(r,z)) (8) 
Also the temperature of any element may be specified as 
Ti = f(r,z) (9) 
The program has the special feature of calculating varying gas temperatures in flow 
over a surface o r  in small passages. In addition, heat generated within a fluid, such as 
that due to viscous shear in the sealing interfaces, can be accounted for. Referring to 
figure 7 reveals the heat balance for  the center fluid element is 
12 
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I I ~ZVTSZ1 I- Tin) 
I 
Fluid I
flow - I 
I I 




Figure 7. - Fluid volume element for varying temperature forced 
convection heat transfer. 
in which qf is the internal heat generated. Equation (10) enters into the element heat 
balance (eq. (6)) only through the determination of the fluid temperature. 
Returning to the element heat balance (eq. (6)) matrix notation can be used to express 
this system of linear equations as follows: 
(11) 
where [A] is the m x m conductance matrix, { T } is the m X 1 temperature vector, and 
{ TL } is the m x 1 thermal load vector. 
In equations (6) and (11)it should be noted that, for interior elements, the Nki and 
Hzi terms vanish; also numbers are assigned to the jth elements. 
The matrix [A] can be shown to be real, symmetric, and positive definite. The tem­
peratures are obtained using the successive over- relaxation technique. By introducing 
the over-relaxation factor w, the successive over-relaxation algorithm is given for  the 








1 I W  -=2 and 1 < i  5 m  
and 
4 4 
diagonal term of ith c.. + cNki + c row in matrix [A](i 31 k=1 z = 1j= 1 
off-diagonal terms of 
a. 	 ­
1 , j  - 31 = a.J , i  ith row in matrix [A] 
4 4 
(TL)i = 1NETk + HziTz + qi ith thermal load term 
k=1 z=1 
This system of m equations is iteratively solved until a specified level of convergence 
is obtained. 
The boundary condition conductances Nki and Hzi a r e  calculated with the aid of the 
empirical relations listed in table I and discussed later. 
LIMITATIONS AND SCOPE 
This program has a present capacity of 400 volume elements, 200 boundary condition 
elements, 95 varying temperature boundary elements (see Computer Input in appendix A), 
and 15 different materials. Several minor limitations a r e  discussed in the section on in­
put where the parameters involved are introduced. The program is designed for an IBM 
7094 digital computer and is written in FORTRAN N language. 
Provision is made for  adding subroutines to calculate additional boundary condition 
coefficients without interrupting the sequence of statement numbers or  altering present 
statements. Up to four forced convection, five free convection, and two varying tempera­
14 
TABLE I. - BOUNDARY HEAT TRANSFER COEFFICIENTS 
Forced convection 
F r e e  convection 
Radiation 
Geometry and fluid 
Duct flow, liquid 
3ides of rotors,  
liquid or gas  
Radial seal  gap, 
liquid or gas  
Concentric cylinders 
liquid or  gas  
Flat plate, 
liquid or gas  
Horizontal cylinder, 
liquid or gas  
Vertical cylinder 
D r  plane 



















h = 1.24 (kf/D)(RewPrPB)1/3 
h = 0.023 ($/D)Re$ 'Prf0' [1+ 0.3 (D/X)O*'1 
htr = h h  + (hturb - hlam)(Re - 2500)/4500 
h = 0.574 ($/r)(s/r)" 'Re: 5Prf/3/(p/w) 
h = 0.01826 (kf/r)(s/r) 0-1Rew0.8 Prf 
h = 2 (k,/~)Pr:/~ 
3/4 Prf1/3h = 0.0297 (kf/r)(r/s) 1/6 Rew 
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h = 0.13 (kf/Do)(GrD,fPrf)1/3 
h = 0.44 (kf/X)(GrD, fPrf)1/4 
h = 0.13 (kf/X)(GrD, fPrf)1/3 





tu re  conditions can be added by writing appropriate subroutines and by adding the required 
statements in subroutine CQN. The CQN statements required can be deduced from the 
portions labeled for  present coefficients. Changes and some limitations are discussed in 
more detail in appendix B. 
The present coefficient equations a r e  based on properties evaluated at the boundary 
film temperature (average of bulk fluid and surface temperatures). Unless the initial tem­
perature estimates (required as a starting point) are very close to the final temperatures 
calculated, the input required will have to be changed and the problem rerun at least once 
to obtain the best results. 
CONCLUDING REMARKS 
The program, which is written in FORTRAN IV language for an IBM 7094 digital com­
puter, is general and can be applied to a variety of axisymmetric problems. Various con­
vection and radiation boundary conditions which can be used a r e  given in the mathematical 
formulation. The program listing and flowcharts for  steady-state thermal solution of an 
axisymmetric solid in cylindrical coordinates are given. Computer program application 
to a nosepiece assembly is given in detail. Additional demonstration of the program is 
provided in a comparison of the program solution to the exact solution for a finite cylin­
der. This comparison shows a maximum e r ro r  of 15 percent when a coarse mesh is 
used. Thus a partial check on program accuracy is provided. 
Lewis Research Center, 
National Aeronautics and Space Administration, 






Preparation of I npu t  Data 
The recommended first step is the preparation of the element pattern. For  the seal 
analyzedin appendix C, a layout of the seal assembly five times actual size was  used. 
There is no restriction on the numbering sequence except the use of consecutive numbers 
(i.e., every number from 1to P), but it is preferable to use an orderly system in order 
to avoid confusion and to expedite assembling the data required for input. The drawing 
also includes, for convenience, the radial dimension and mean radius of each element 
row and the axial dimension of each column. 
Adjacent elements should have the same common dimension. Slight variations will 
not cause appreciable e r rors  if a contact resistance is added to compensate for the in­
creased conduction path length of off-center nonmatching elements. 
Also, for convenience, the boundary conditions (pressure, temperature, fluid, and 
so forth, needed to determine the values of required properties) are included. The ma­
terials of the various parts are included in a table (on the drawing if  room is available). 
The items of data required are listed in the following section on computer input. A 
compact outline of most items can be obtained from the section Program Symbols and 
Definitions o r  from table II. The conduction element matrix (TD1) and boundary coeffi­














TABLE II. - SUMMARYOF TD2 LISTS FOR SUBROUTINES TO CALCULATE COEFFICIENTS 
[Parameters in parentheses a re  calculated in subroutine. Except for  TD2(20) of sN3 and VT2 and TD2(11) of FC1 and FC2, parameters after hA are  
merely to make writing FORTRAN expression for h easier. ] 
TD2 Subroutine 
word 
SN1 sN2 sN3 SN4 FC1 FC2 FC3 RA1 sc1 VT1 VT2or  
Sub- (duct flow, (sides of (radial seal (concen- (horizon- (vertical (liquid (radia-/ (specified (varying tempera- (varying tempera-
script liquid) rotors) gap) tric cyl- tal cylinder film tion) heat ture duct flow, ture radial seal gap) 




k f k f kf w/L kf 
CP,f CP,f cP, f cP f se  cP, f 













V, (Prf)  (Prf) (hA) 8 
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(Re,) (GrD) (GrL) (1- Ee) W 
conduction number 




















20 (Heat generation 
tion factor) ~- factor) 
*Rotor or stator flag (zero for rotor, nonzero for stator). 
Computer Input 
The data input of a problem is submitted to the computer on the cards described in 
this section. Unless specifically stated, no input card may be omitted. 
Item 1: Title card (72H) 
word 1 columns 1to 72 Title of problem being run 
Item 2: Output control (L.?)card (1016) for obtaining printouts in addition to that listed 
in the section Computer Output 
word 1 columns 1 to 6 A nonzero integer causes printout of the conduc-
tion matrix (TD1 table) input 
word 2 columns 7 to 12 A nonzero integer causes printout of' the bound-
ary conductance matrix (H(NBPT,J),  J = l ,  9) 
word 3 columns 13 to 18 A nonzero integer causes printout of the element 
temperatures for the next to las t  iteration (un-
less execution terminated by reaching maximum 
number of iterations) for comparison with tem-
peratures of las t  iteration 
word 4 columns 19 to 24 Leave blank. This word is se t  within the pro-
gram to cause printout of the convergence cri-
terion (Item 5, word 4) and of the temperature 
change for each element at each Nth iteration; 
N is specified by word 2 of the Run data card 
(Item 4).  
word 5 columns 25 to 30 A nonzero integer causes printout of the bound-
ary condition input matrix (TDA and TD2 lists) 
word 6 columns 31 to 36 Not used 
word 7 columns 37 to 42 Not used 
word 8 columns 43 to 48 A nonzero integer causes the final element tem-
peratures to be punched on cards for use as ini-
tial estimates for another run 
word 9 columns 49 to 54 A nonzero integer causes thermal expansions to 
be punched on cards for use in other programs 





word 10 columns 55 to 60 A nonzero integer causes printout of element 
temperatures and heat fluxes after each itera­
tion. Also thermal expansion data (CY,T, a! AT) 
are printed. This option is meant only for de­
bugging data and should not be included for a 
standard run. 
Item 3: Miscellaneous options (NI)card (516) 
word 1 columns 1 to 6 Number of cases (designs) to be analyzed. If 
only one case, this word may be left blank. 
No other words now used; leave blank. 
Item 4: Run data (RD)card (5F6.0) 
word 1 columns 1 to 6 Over-relaxation factor w (15w -= 2) 
word 2 columns 7 to 12 Reference temperature for thermal expansion 
(aAT) 
word 3 columns 13 to 18 The interval N required for word 4 of the LD 
card (Item 2) 
No other words now used. 
Item 5: Case data (CD) card (10F6.0) 
word 1 columns 1 to 6 Number of elements (400 maximum at present) 
word 2 columns 7 to 12 Number of boundary elements (200 maximum at 
present) 
word 3 columns 13 to 18 Maximum number of iterations allowed for a run 
word 4 columns 19 to 24 Temperature convergence criterion. The maxi-
mum change in temperature of any element from 
one iteration to the next that is considered an 
acceptable error .  
word 5 columns 25 to 30 Not used 
word 6 columns 31 to 36 Starting temperature for varying temperature 
flow 1 (see varying temperature under boundary 
condition input (Item 10)) 




word 8 columns 43 to 48 Not used 
word 9 columns 49 to 54 To avoid numerical instability due to low flow 
rates in the varying temperature calculation, 
the boundary elements are subdivided. The 
number of subdivisions is specified between 1 
and 100 in this word. 
word 10 columns 55 to 60 Not used 
Item 6: Thermal conductivity data cards 
The thermal conductivity of each material is treated as a power series function of 
temperature (k= AT0 + BT1 + . . . + NTm). Provision is made for  curve fitting up to 
15 materials. The coefficients required are computed by an auxiliary program (or, of 
course, by hand) from available data. The degree of f i t  of a curve is defined as the high­
est power of temperature appearing in the function. Thus, a linear f i t  is degree 1; a 
constant conductivity is degree 0; and so forth. 
The auxiliary program is designed to produce fits of all degrees up to 11 from which 
the best agreement with a set of average values of k is selected as the function to be 
used. Therefore, words 4 and 5 were included to avoid exceeding the computer capacity 
when the higher powers of temperature occurred. Later it was somewhat arbitrarily 
decided to limit the maximum degree of f i t  to five in view of data scatter due to variation 
between material lots. The primary reason was to increase the number of materials 
possible and to save computer storage space. 
Card 1 (5F10.0) 
word 1 columns 1 to 10 Upper temperature limit of curve f i t  
word 2 columns 11 to 20 Material code number. Each material must be 
assigned a number so  that the correct proper­
ties will be used in the program. 
word 3 

word 4 columns 31 to 40 Thermal conductivity scaling factor. A t  present, 

columns 21 to 30 Degree of f i t  (0 to 5) 
this is 1. 
word 5 columns 41 to 50 Temperature scaling factor. At  present, this 
is 1. 
Card 2 (6E13.6) - The coefficients of the equation: A in columns 1 to 13, B in col­
















Card 3 (blank card) - If less than 15 materials are used, a blank card must be inserted 
following the last conductivity card in order to terminate the reading of data. 
Item 7: Mean coefficient of linear thermal expansion cards 
The remarks made about conductivity (see Item 6) also apply to expansion. 
Card 1 (5F10.0) 
word 1 columns 1to 10 Upper temperature limit of curve f i t  
word 2 columns 11to 20 Material code number 
word 3 columns 2 1  to 30 Degree of f i t  (0 to 5) 
word 4 columns 31 to 40 Thermal expansion scaling factor. At  present, 
this is 1. 
word 5 columns 41 to 50 Temperature scaling factor. A t  present, this is 1. 
Card 2 (6E13.6) - The coefficients of the equation as in Item 6. 
Card 3 (blank card) - To terminate data read in for less than 15 materials (see Item 6). 
Item 8: Conduction matrix data (TD1) card (F4.0, lX, F7.4,2F5.3, lX,4F4.0, F3.0, 
4F7.0) - 1 card per  element; element numbers in numerical order 
word columns 1to 4 
word columns 6 to 12 
word columns 13 to 17 
word columns 18 to 22 
word columns 24 to 27 
word columns 28 to 31 
word columns 32 to 35 
word columns 36 to 39 
word columns 40 to 42 
word columns 43 to 49 
word columns 50 to 56 
word columns 57 to 63 
word columns 64 to 70 
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Element conduction number 
Mean element radius, rav, in. 
Element radial width, Ar,  in. 
Element axial length, Ai!, in. 
East neighbor conduction number, j 
North neighbor conduction number, j2  
W e s t  neighbor conduction number, j 3  
South neighbor conduction number, j 4  
Material code number (see Item 6, word 2)  
East contact resistance, R , (sec)(’F)/Btu
‘1, i 
North contact resistance, R , (sec)(OF)/Btu
‘2, i 
W e s t  contact resistance, R (sec)(‘F)/Btu
‘3, i’ 
South contact resistance, R , (sec>(OF)/Btu
‘4, i 
Item 9: Initial temperature cards (16F5.0) - Put  16 initial element temperatures per  
card. 
words 1 columns 1to 5, Initial element temperatures ( O F )  are listed in 
to 16 6 to 10, sequence from 1to the total number of ele-
11to 15, ments: elements 1to 16 on the first card, ele-
and so forth ments 17 to 32 on the second, and s o  forth. 
Item 10: Boundary heat transfer cards 
Each boundary element requires an indicator card. Following the indicator card is a 
set of one or  more cards for each boundary condition associated with the element. A par­
tial outline is presented in table E. This sequence is repeated for  each boundary element. 
Card 1: Boundary indicator card (316) - 1 card per element 
word 1 columns 1 to 16 Boundary number of the element. In addition to 
the comduction numbers which are assigned to 
the elements, each boundary element is given a 
boundary number. Any convenient order of 
numbering can be used. This is for convenience 
in preparing data. 
word 2 columns 7 to 12 Conduction number of the boundary element. 
Most computation is based on the conduction 
number. 
word 3 columns 13 to 18 Boundary heat transfer type code number for 
first basic type associated with the element. 
Code numbers a r e  as follows: 
(1)	Specified heat flux - the net flux for all 
faces for which it is specified. If this type 
is associated with a node, it must appear 
first; but the other types need not appear in 
any fixed order. 
(2) Forced convection 





(5) Specified heat transfer coefficient 

(6) Specified temperature - By definition this 

will  be the only condition for an element; 
the program considers only its effect on 
adjacent elements. 
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Card 2: Index card (for each condition: basic type o r  subtype) 
This card has two forms. Form A is used fo r  specified parameters (types 1 and 7) 
which require no additional cards. Form B (TDA) is used for  the remaining types which 
do require additional cards. 
Form A for specified heat flux (15, E13.6,16) 
word 1 columns 1 to 5 Conduction number of element 
word 2 columns 6 to 18 Heat flux, Btu/sec 
word 3 columns 19 to 24 A nonzero integer if other types o r  subtypes 
associated with the node follow; blank (or 0) if 
no types o r  subtypes follow. 
Form A for specified temperature (15, lX,  F6.0) 
word 1 columns 1 to 5 Conduction number of element 
word 2 columns 7 to 12 Temperature of element, O F  
Form B (6F6.0, F12.0) - These (TDA) cards are the same fo r  all types using them. 
word 1 columns 1 to 6 Conduction number of element 
word 2 columns 7 to 12 Heat transfer type (2 to 6) 
word 3 columns 13 to 18 Heat transfer subtype code number. (For additions 
or  substitutions see  limitations and scope. ) 
Subtype code numbers for type 2 (forced convec-
tion) are as follows: 
(1) Duct flow, liquid - for explanation see  
headings under additional cards 
(2)  Sides of rotors 
(3) Radial seal gap 
(4) Concentric cylinders 
(5)  Flat plate 
(6) to (9) for additional subtypes 
Subtype code numbers for type 3 (free convection) 
a r e  as follows: 
(1) Horizontal cylinder 
(2) Vertical cylinder o r  plane 
(3) Liquid film cooling, gravity flow 
(4) to (8) for additional subtypes 
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Subtype code numbers for type 6 (varying temper­
ature forced convection) are as follows: 
(1) Duct flow, liquid 
(2)Radial seal gap 
(3)to (4)for additional subtypes 
Types 4 and 5, at present, have no subtypes; so 
word 3 = 0. 
word 4 
word 5 
columns 19 to 24 
columns 25 to 30 
Nonzero number if other types or  subtypes follow 
Number of items to be read from the remaining 
cards for this condition 
word 6 columns 31 to 36 Area indicator code number specifies to which 
face of the element the condition applies; these 
numbers are as follows: 








(5)Specified area- used for special cases such 

a s  a small duct passing through an element 
o r  a boundary at an appreciably nonparallel 
o r  nonnormal angle to the axis. Since con­
ductive resistance is assumed to be negligi­
ble compared with boundary film resistance, 
the problem of location does not occur. 
word 7 columns 37 to 48 If a specified area (code number 5 in word 6) is 
used, the value in square feet is placed here; 
otherwise, this word is left blank. 
For types 2 to 6, the following additional cards a r e  needed as shown under types 4 
and 5 and the-subtypes of types 2, 3, and 6. Card 1is the indicator card described pre­
viously. Card 2 is the TDA card for the type o r  subtype. The properties are evaluated 
at &e t e d r a t u r e  indicated by the equations in table I. 
Steady-state forced convection (type 2): 
Subtype 1- Duct flow, liquid 
Card 3 (7Fll.0) 










word 2 columns 12 to 22 
word 3 columns 23 to 33 
word 4 columns 34 to 44 
word 5 columns 45 to 55 
word 6 columns 56 to 66 
word 7 columns 67 to 77 
Thermal conductivity, Btu/(ft)(sec)('F) 
Specific heat, Btu/(lbm)('F) 
Absolute viscosity, lbm/(ft)(sec) 
Mass  flow per square foot of cross  section, 
lbm/(ft2)(sec) 
Hydraulic diameter, 4A,/Pw, f t 
Flow length {distance from start of duct to center 
of element), f t  
Subtype 2 - Sides of rotors (see Use  of Local Coefficients in appendix D) 
Card 3 (7Fll .0) 
word columns 1to 11 
word columns 12 to 22 
word columns 23 to 33 
word columns 34 to 44 
word columns 45 to 55 
word columns 56 to 66 
word columns 67 to 77 
Card 4 (3F11.0) 
word 1 columns 1to 11 
word 2 columns 12 to 22 
word 3 columns 23 to 33 
Subtype 3 - Radial seal  gap 
Card 3 (7F11.0) 
word 1 columns 1to 11 
word 2 columns 12 to 22 
word 3 columns 23 to 33 
word 4 columns 34 to 44 
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Fluid bulk temperature, O F  

Thermal conductivity, Btu/(ft)(sec)('F) 

Specific heat, Btu/(lbm>('F) 

Absolute viscosity, lbm/(ft)(sec) 

Kinematic viscosity, f t2/sec 

Average radius of element, f t  

Gap between rotor and stator, f t  

Rotor angular velocity, rad/sec 
Outer radius of rotor o r  stator, f t  




Fluid bulk temperature, O F  

Thermal conductivity, Btu/(ft)(sec)(OF) 

Specific heat, Btu/(lbm)('F) 
















word 5 columns 45 to 55 2Kinematic viscosity, f t  /sec 
word 6 columns 56 to 66 Average radius of element, f t  
word 7 columns 67 to 77 Gap between rotor and stator, f t  
Card 4 (2F11.0) 
word 1 columns 1to 11 Rotor angular velocity, rad/sec 
word 2 columns 12 to 22 Outer radius of rotor or  stator, f t  
Subtype 4 - Concentric cylinders (inner cylinder rotating) 
Card 3 (7Fl l .0)  
word columns 1to 11 
word columns 12 to 22 
word columns 23 to 33 
word columns 34 to 44 
word columns 45 to 55 
word columns 56 to 66 
word columns 67 to 77 
Card 4 (2Fl l .0)  
word 1 columns 1 to 11 
word 2 columns 12 to 22 
Subtype 5 - Flat plate 
Card 3 (7F11.0) 
word columns 1to 11 
word columns 12 to 22 
word columns 23 to 33 
word columns 34 to 44 
word columns 45 to 55 
word columns 56 to 66 
word 7 columns 67to 77 
I 
Fluid bulk temperature, OF 

Thermal conductivity, Btu/(ft)(sec)(OF) 

Specific heat, Btu/(lbm)(OF) 

Absolute viscosity, lbm/(ft)(sec) 

Kinematic viscosity, f t2/sec 

Outer radius of annulus between cylinders, f t  

Inner radius of annulus, f t  

Rotational velocity of inner cylinder, rad/sec 

Axial flow velocity, ft/sec 

Fluid bulk temperature, O F  
Thermal conductivity, Btu/(ft)(sec)(OF) 
Specific heat, Btu/(lbm)('F) 
Absolute viscosity, lbm/(ft)(sec) 
Kinematic viscosity, f t2/sec 
Flow length (distance from start of plate to ten­
ter of element), f t  








Free convection (type 3): 
Subtype 1 (horizontal cylinder) or  2 (vertical cylinder o r  plane), gas - identical except 
for  the characteristic length used 
Card 3 (6Fll .0) 
word columns 1 to 11 Fluid bulk temperature, O F  
word columns 12 to 22 Thermal conductivity, Btu/(f t)(sec)( O F )  
word columns 23 to 33 Specific heat, Btu/(lbm)(OF) 
word columns 34 to 44 Absolute viscosity , lbm/(ft)(sec) 
word columns 45 to 55 Kinematic viscosity, f t2/sec 
word columns 56 to 66 Subtype 1: hydraulic diameter, f t  
Subtype 2: flow length (distance from start of 
flow to top of surface of which element is a 
part), f t  
Subtype 3 - Liquid film cooling, gravity flow 
Card 3 (4F11.0) 
word 1 columns 1 to 11 
word 2 columns 12 to 22 
word 3 columns 23 to 33 
word 4 columns 34 to 44 
Graybody radiation (type 4): 
Card 3 (4Fll .0) 
word 1 columns 1to 11 
word 2 columns 12 to 22 
word 3 columns 23 to 33 
word 4 columns 34 to 44 
word 5 columns 45 to 55 
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Fluid film temperature, O F  
Mass flow per  unit length (at a right angle to flow 
direction), lbm/ (f t)(sec) 
Specific heat, Btu/(lbm)('F) 
Flow length (distance from point where flow 
starts to where it leaves surface (e.g., one-
half circumference of horizontal cylinder)), f t  
Environmental temperature, OF 
View factor, environment to surface 
View factor, surface to environment 
Emissivity of environment 
Emissivity of surface 
Specified heat transfer coefficient (type 5): 
Card 3 (2Fll .0) 
0
word 1 columns 1to 11 Fluid bulk (or environmental) temperature, F 
word 2 columns 12 to 22 Heat transfer coefficient, Btu/(ft 2)(sec)('F) 
Varying temperature forced convection (type 6): 
Subtype 1 - Varying temperature duct flow, liquid 














columns 1to 11 
columns 12 to 22 
columns 23 to 33 
columns 34 to 44 
columns 45 to 55 
columns 56 to 66 
columns 67 to 77 
columns 1to 11 
columns 12 to 22 
columns 23 to 33 
columns 34 to 44 
columns 45 to 55 
Fluid bulk temperature, O F  
Thermal conductivity, Btu/(ft)(sec)(OF) 
Specific heat, Btu/(lbm)('F) 
Absolute vis cosily, lbm/(ft)(sec) 
Mass flow per square foot of cross section, 
lbm/(ft2)(sec) 
Hydraulic diameter, 4A,/Pw, f t  
Flow length (distance from start of duct to center 
of element), f t  
Conduction number of annular neighbor (element 
on other boundary of flow i f  flow is between two 
elements). If none, leave blank. 
Conduction number of flow neighbor (element up­
stream of element under consideration). If this 
is the first element along the flow, leave blank. 
Combined flow indicator (see remarks at end of 
this subtype) 
Flow initiation indicator (see remarks at end of 
this subtype) 
Cross  section of duct, f t2 
There is provision in the program for varying temperature flows of two starting tem­









lowing additional restrictions. The program will handle only one such boundary condition 
per  element. The number of elements with varying temperature flows cannot exceed half 
the number of boundary elements (95)at present. There can be no more than five com­
bined flows (explained later). 
The flow initiation indicator distinguishes the two starting temperatures. If 1is 
used, the stal'ting temperature is word 1, Card 2 of Item 5 (Case data). I� 2 is used, the 
starting temperature is word 2, Card 2 of Item 5. 
If two flows (limit of program) combine at a boundary element to form a new flow, 
this element is a combined flow element. For a combined flow element, the flow initia­
tion indicator must be zero. Five such combinations are permitted by the program. An 
additional card is then required. 
Card 5 (216) - only for  combined flow elements 
word 1 columns 1to 6 Conduction number of one upstream neighbor ele­
ment 
word 2 columns 7 to 12  Conduction number of other upstream neighbor 
element 
Subtypes - Varying temperature radial seal gap 














columns 1to 11 
columns 12 to 22 
columns 23 to 33 
columns 34 to 44 
columns 45 to 55 
columns 56 to 66 
columns 67 to 77 
columns 1to 11 
columns 12 to 22 
columns 23 to 33 
columns 34 to 44 
columns 45 to 55 
Fluid bulk temperature, O F  

Thermal conductivity, Btu/ (ft)(sec)( F) 

Specific heat, Btu/(lbm)('F) 

Absolute viscosity, lbm/(ft)(sec) 

Kinematic viscosity, ft'/sec 

Average radius of element, f t  

Gap between rotor and stator, f t  

Rotor angular velocity, rad/sec 

Outer radius of rotor, f t  

Combined flow indicator 

Flow initiation indicator 







word 6 columns 56 to 66 Flow neighbor conduction number 
word 7 columns 67 to 77 Mass  flow, lbm/sec 
Card 5 (216) - only for combined flow elements 
word 1 columns 1 to 6 Conduction number of one upstream neighbor 
element 
word 2 columns 7 to 12 Conduction number of other upstream neighbor 
element 
Computer Output 
Standard output of results. - The standard output of the program is obtained with all 
list options (Item 2 of Computer Input) set at zero with the possible exception of the 
punch options (words 8 and 9). This output is as follows: 
Item 1: Problem title 

Item 2: Printout options (see input Item 2) 

Item 3: Miscellaneous options (see input Item 3) 

Item 4: Itun data (see input Item 4) 

Item 5: Case data (see input Item 5) 

Item 6: Thermal conductivity curve f i t  coefficients for  each material 

Item 7: Thermal expansion curve f i t  coefficients for each material 

Item 8: Element starting temperature estimates 

Item 9: Varying temperature boundary element dimensionless coefficient, hA/WC
P

Item 10: Varying temperature boundary element fluid internal heat generation 

Item 11: Conduction number and preceding element conduction numbers for each 

combined flow element 
Item 12: Conduction number, varying temperature number, and flow code for vary­
ing temperature boundary elements 
Item 13: Element steady-state temperatures 
Item 14: Boundary element forced convection, f ree  convection, radiation, and vary­
ing temperature convection conductances 
Item 15: Varying temperature boundary condition fluid temperatures 
Item 16: Element thermal conductivities 
Item 17: Element heat fluxes to neighbor elements 
Item 18: Element conductances to neighbor elements 
Item 19: Element boundary conductance sums and boundary heat flux sums 
Item 20: Element free thermal expansion, a! AT 
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An illustration of the output can be found in the listing for the sample problem in 
appendix C. 
Program error-messages.  - The program includes checks of some of the input to 
ensure correct relations. First, the conductivity (TD1) cards are checked for numerical 
order of conduction numbers. Once this has been achieved, a check is made for neighbor 
agreement. For example, if  element 10 has element 11listed as east neighbor, ele­
ment 11must have element 10 as west neighbor, assuming this is the correct relation. 
When the neighbor agreement is complete, a check is made of boundary index cards to 
ensure numerical order of boundary numbers. Then a check is made to see that the con­
duction number(s) on the element boundary index card(s) agree with the conduction num­
ber on the indicator card. Also there is a check for agreement of the boundary number 
corresponding to an element conduction number with the conduction number correspond­




































Program Symbols and Definitions 
conduction number of varying temperature element annular neighbor 
thermal expansion curve fit matrix (input Item 6) 
neighbor conductance matrix 
conduction number of varying temperature element flow neighbor 
boundary conductance matrix 
boundary number of element JBPT 
conduction number of boundary element (in card check) 
conduction number of boundary element, NBND(NBP) 
varying temperature number of element JVPT 
conduction number of element 
conduction number of varying temperature element, NODE(NTF) 
thermal conductivity curve f i t  matrix (input Item 5) 
conduction number of one adjacent element upstream of NDR 
maximum number of boundary elements accepted by program 
conduction number of boundary element NBP 
boundary number of boundary element 















































flow number (input Item 10, Card 4, word 3) of varying temperature 
element 
conduction number of other adjacent element upstream of NDR 
maximum number of conduction elements accepted by program 
combination number of combined flow varying temperature element 
maximum number of iterations allowed for  analysis 
actual number of conduction elements 
conduction number of combined flow element NDR 
conduction number of varying temperature element NTF 
varying temperature number of varying temperature boundary ele­
ment 
noncombining flow number of varying temperature element 
maximum number of varying temperature elements accepted 
fluid shear heat generation at varying temperature element NTF 
sum of boundary heat fluxes of conduction element JBPT 
sum of boundary conductances of boundary element NBPT 
sum of boundary heat fluxes of boundary element NBPT 
fluid temperature at varying temperature boundary element 
dimensionless coefficient of varying temperature element, kA/WC 
P 
index card (input Item 10, Card 2) list 
conduction data matrix 
properties cards (input Item 10, Card(s) 3 and those following) list 
element thermal expansion, Q! AT 

initial temperature estimate for element JPT 

fluid temperature calculation by subdivision of boundary element 

Conductance matrix CE(NJPTS, 4). - The symbols for conductance matrix 
CE(NJPTS, 4) are as follows: 
CE(JPT, 1) conductance between conduction element JPT and east  neighbor 
CE(JPT, 2) conductance between conduction element JPT and north neighbor 
CE(JPT, 3) conductance between conduction element JPT and west neighbor 
CE(JPT, 4) conductance between conduction element JPT and south neighbor 
33 
Boundary conductance matrix H(NBPTS,-~9).- The symbols for boundary conduc­
tance matrix H(NBPTS, 9) are a s  follows: 
H(NBPT, 1) specified heat flux 
H(NBPT, 2) sum of forced convection (including specific coefficient) conductances 

H(NBPT, 3) sum of forced convection conductance x fluid temperature 

H(NBPT, 4) sum of free convection conductances 

H(NBPT, 5) sum of free convection conductance x fluid temperature 

H(NBPT, 6)  sum of radiation v'conductances'' 

H(NBPT, 7) sum of radiation "conductance" x environmental temperature 

H(NBPT, 8) sum of varying temperature conductances 

H(NBPT, 9) sum of varying temperature conductance x fluid temperature 
Conduction data matrix TDl(NJPTS, 19). - The symbols for conduction data matrix 





TD~(JPT,5 )  
TDl(JPT, 6) 
TDl(JPT, 7 )  










element conduction number 
mean element radius 
element radial width, A r  
element axial length, A2 
east neighbor conduction number, j 
north neighbor conduction number, j, 
west  neighbor conduction number, j, 
south neighbor conduction number, j 4  
material code number 
east contact resistance, R 
'li 
north contact resistance, R 
'2i 
west contact resistance, R 
'3i 
south contact resistance, R 
'4i 
east and west boundary areas (added during run) 
north boundary area (added during run) 
south boundary area (added during run) 
boundary condition type code number (added during run) 
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TDl(JPT, 18) thermal conductivity (added during run) 
TDl(JPT, 19) element temperature (added during run) 
TD2 list for subroutine SN1, type 2 (forced convection), subtype 1 (duct flow, 
liquid). - The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP, f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) fluid mass flow per  square foot of cross section, Wa 
TD2(6) duct hydraulic diameter, D 
TD2(7) length from start of flow to center of element,' X 
TD2(8) not used in order to obtain compatability with VT1 
TD2(9) not used in order to obtain compatability with VT1 
TD2(10) not used in order to obtain compatability with VT1 
TD2(11) not used in order to obtain compatability with VT1 
TD2 (12) not used in order  to obtain compatability with VT1 
TD2(13) Reynolds number (calculated in subroutine), Rew 
TD2(14) Prandtl number (calculated in subroutine), Prf 
TD2(15) heat transfer coefficient (calculated in surboutine), hf 
TD2(16) conductance across boundary film (calculated in subroutine), hA 
TD2(17) hydraulic diameter/flow length (calculated in subroutine), D/X 
TD2 (18) conductivity/hydraulic diameter (calculated in subroutine), kf/D 
TD2(19) 0.7 power of TD2(16) (calculated in subroutine), (D/X)O* 
TD2 list for subroutine SN2, type 2 (forced convection), subtype 2 (sides of rotors). -
The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP, f 
TD2(4) boundary film absolute viscosity, pf 




TD2(6) average radius of element, rav 
TD2(7) clearance between rotor and stator, s 
TD2(8) rotor angular velocity, w 
TD2(9) outer radius of rotor, a 
TD2(10) rotor o r  stator flag (zero for rotor, nonzero for stator) 
TD2(11) Reynolds number (calculated in subroutine), Rew 
TD2(12) cube root of Prandtl number (calculated in subroutine), Prf1/ 3 
TD2(13) heat transfer coefficient (calculated in subroutine), hf 
TD2(14) conductance across boundary film (calculated in subroutine), hA 
TD2(15) conductivity/average radius (calculated in subroutine), kf/rav 
TD2(16) 0 .1  power of clearance/average radius (calculated in subroutine), 
(s/rav 10 . 1  
TD2(17) fluid angular velocity/rotor angular velocity (calculated in subroutine), K 
TD2 list for subroutine SN3, type 2 (forced convection), subtype 3 (radial seal gap). -
The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP,f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) boundary film kinematic viscosity, vf 
TD2(6) average radius of element, rav 
TD2(7) clearance between rotor and stator, s 
TD2(8) rotor angular velocity, w 
TD2(9) outer radius of rotor, a 
TD2(10) not used to obtain compatability with VT2 
TD2(11) not used to obtain compatability with VT2 
TD2(12) not used to obtain compatability with VT2 
TD2(13) not used to obtain compatability with VT2 
TD2(14) not used to obtain compatability with VT2 
TD2(15) Reynolds number (calculated in subroutine), Rew 
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TD2(16) cube root of Prandtl number (calculated in subroutine), Prf1/ 3 
TD2(17) critical Reynolds number (calculated in subroutine), Rec 
TD2(18) heat transfer coefficient (calculated in subroutine), hf 
TD2(19) conductance from center of seal gap to surface (calculated in subroutine), hA 
TD2(20) heat generation factor (calculated in subroutine) 
TD2 list for subroutine SN4, type 2 (forced convection), subtype 4 (concentric cylin­
ders). - The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, C
P,f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) boundary film kinematic viscosity, vf 
TD2(6) outer radius of annulus between cylinders, ro 
TD2(7) inner radius of annulus between cylinders, ri 
TD2(8) angular velocity of inner rotating cylinder, o 
TD2(9) axial flow velocity, Va 
TD2(10) Reynolds number (calculated in subroutine), Rev 
TD2(11) cube root of Prandtl number (calculated in subroutine), -Prf 
TD2(12) heat transfer coefficient (calculated in subroutine), hf 
TD2(13) conductance across boundary film (calculated in subroutine), hA 
TD2(14) linear velocity of inner cylinder (calculated in subroutine), VR 
2TD2(15) square of total fluid velocity (calculated in subroutine), Vtot 
TD2(16) total fluid velocity (calculated in subroutine), Vtot 
TD2(17) annular clearance (calculated in subroutine), s 
TD2 list for subroutine SN5, type 2 (forced convection), subtype 5 (flat plate). - The 
TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, C
P,f 
TD2(4) boundary film absolute viscosity, pf 
37 
Il l1l11ll11l1I1I I II 

TD2(5) boundary film kinematic viscosity, vf 
TD2(6) length from start of flow to center of element, X 
TD2(7) bulk fluid velocity, V, 
TD2(8) Reynolds number (calculated in subroutine), Rex 
TD2(9) Prandtl number (calculated in subroutine), Prf 
TD2(10) heat transfer coefficient (calculated in subroutine), h 
TD2(11) conductance across boundary film (calculated in subroutine), hA 
TD2 list for subroutine FC1, type 3 (free convection), subtype 1 (horizontal cylin­
der). - The TD2 list is as follows:-
TD2(1) fluid bulk temperature, Tb 
TDZ(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP, f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) boundary film kinematic viscosity, vf 
TD2(6) diameter of cylinder, D 
TD2(7) Prandtl number (calculated in subroutine), Prf 
TD2(8) Grashof number (calculated in subroutine), GrD 
TD2(9) heat transfer coefficient (calculated in subroutine), hf 
~ ~ 2 ( 1 0 )  conductance across boundary film (calculated in subroutine), hA 
TD2(11) Prandtl number X Grashof number (calculated in subroutine), P rfGrD 
TD2(12) fluid to surface temperature difference (calculated in subroutine), AT 
TD2(13) average (or film) temperature (calculated in subroutine), Tav 
TD2(14) conductivity/cylinder outside diameter (calculated in subroutine), kf/D 
TD2 list for subroutine FC2, type 3 (free convection), subtype 2 (vertical cylinder 
o r  plane). - The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP,f 
TDZ(4) boundary film absolute viscosity, pf 
TD2(5) boundary film kinematic viscosity, vf 
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TD2(6) total height of surface, L 

TD2(7) Prandtl number (calculated in subroutine), Prf 

TD2(8) Grashof number (calculated in subroutine), GrL 

TD2(9) heat transfer coefficient (calculated in subroutine), hf 

TD2(10) conductance across boundary film (calculated in subroutine), hA 

TD2(11) Prandtl number x Grashof number (calculated in subroutine), P rfGrD 

TD2(12) fluid to surface temperature difference (calculated in subroutine), AT 

TD2( 13) average temperature (calculated in subroutine), Tav 

TD2( 14) conductivity/surface height (calculated in subroutine), kf/L 

TD2 list for subroutine FC3 type 3 (free convection), subtype 3 (liquid film cooling,~ ~ ~ p ~ ~ ~ ~ ~ I ~ - ­
gravity flow). - The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) mass flow of liquid pe r  unit length normal to flow, W/L 
TD2(3) fluid specific heat, CP 
TD2(4) flow length (e. g., one-half circumference of horizontal cylinder), DL 
TD2(5) heat transfer coefficient (calculated in subroutine), h 
TD2(6) conductance from surface to liquid (calculated in subroutine), hA 
TD2 list for subroutine -1, type 4 (radiation). - The TD2 list is as follows: 
TD2(1) environmental temperature, Te 
TD2(2) view factor from environment to element surface, fes 
TD2(3) view factor from element surface to environment, fse 
TD2(4) emissivity of environment, 
TD2(5) emissivity of element surface, e S  
TD2(6) radiation coefficient (calculated in subroutine), h 
TD2(7) "conductance" from element surface to environment (calculated in sub­
routine), hA 
TD2(8) reflectivity of environment (calculated in subroutine), 1 -
TD2(9) reflectivity of element surface (calculated in subroutine), 1- eS  
TD2(10) difference between fourth powers of temperatures/temperature difference 
(calculated in subroutine), (T: - T:)/(Te - Ts) 
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TD2 list for subroutine SC1, type 5 (specified heat transfer coefficient). - The TD2 
list is as follows: 
TD2(1) fluid bulk (or environmental) temperature, Tb (or Te) 
TD2(2) specified heat transfer coefficient, h 
TD2(3) conductance between surface and bulk fluid (calculated in main program), hA 
TD2 list for subroutine VT1, type 6 (varying temperature forced convection), sub­
type 1 (duct flow, liquid). - The TD2 list is as follows: 
TD2(1) fluid bulk temperature, Tb 
TD2(2) boundary film thermal conductivity, kf 
TD2(3) boundary film specific heat, CP,f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) fluid mass flow per square foot of cross  section, Wa 
TD2(6) duct hydraulic diameter, D 
TD2(7) length from start of flow to center of element, X 
TD2(8) annular neighbor conduction number 
TD2(9) flow neighbor conduction number 
TD2(10) combining flow indicator code number 
TD2(11) flow initiation indicator code number (must be zero for combined flow ele­
ment) 
TD2(12) duct cross  section, Ax 
TD2(13) Reynolds number (calculated in subroutine), Rew 

TD2(14) Prandtl number (calculated in subroutine), Prf 

TD2(15) heat transfer coefficient (calculated in subroutine), hf 

TD2(16) conductance across boundary film (calculated in subroutine), hA 

TD2(17) hydraulic diameter/flow length (calculated in subroutine), D/X 

TD2(18) conductivity/hydraulic diameter (calculated in subroutine), kf/D 

TD2(19) 0.7 power of TD2(16) (calculated in subroutine), (D/X)'* 

TD2 list for subroutine VT2, type 6 (varying temperature forced convection), sub-. . . - - . . . . .  
gap). - The TD2 list is as follows: . . .type 2 (radial.seal.. - .. 
TD2(1) fluid bulk temperature, Tb 

TD2(2) boundary film thermal conductivity, kf 
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TD2(3) boundary film specific heat, CP,f 
TD2(4) boundary film absolute viscosity, pf 
TD2(5) boundary film kinematic viscosity, vf 
TD2(6) average radius of element, rav 
TD2(7) clearance between rotor and stator, s 
TD2(8) rotor angular velocity, w 
TD2(9) outer radius of rotor, a 
TD2(10) combining flow indicator code number 
TD2(11) flow initiation indicator code number (must be zero for combined flow ele­
ment) 
TD2(12) annular neighbor conduction number 
TD2(13) flow neighbor conduction number 
TD2( 14) fluid mass flow rate, W 
TD2(15) Reynolds number (calculated in subroutine), Rew 
TD2( 16) cube root of Prandtl number (calculated in subroutine), Prf1/3 
TD2(17) critical Reynolds number (calculated in subroutine), Rec 
TD2(18) heat transfer coefficient (calculated in subroutine), hf 
TD2(19) conductance from center of seal gap to surface (calculated in subroutine), hA 
TD2(20) heat generation factor (calculated in subroutine) 
Flow Char ts  and Program Lis t ing 
The flow charts for the main routine (SEAL2) and subroutines CQN and QT are pre­
sented in figures 8, 9, and 10. A listing of the program is as follows: 
' 41 
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124 F23 t4A T 4 3 X ,  3 5 4 E L E  '4E i\l T E '4 d S GDNU UC T I  d:d HEA 1' F L J  XES ,Z X ,I 3,4(  2 X ,E l  4.7 ) 
2 r Z X 1 6 k l C T c l / H I  1 
125 F 3 K M A T (  1 5 X , 4 5 r l t L E M E N T  E N d S  CiINdUCTPNCES T O  NABORS( BTJ/HK.F j / / (  L O X ,  
214, 4 i  2 X t E  14.7) 1 1 
126 F d i M A T (  l H U , L O X ,  L ! J 4 i E L E i ~ L N I  6OUNDAAY N3,  CUNDJCT ION NO, SlvDRY C O A D J  
2 C T A N C E ( H * A )  5 U M ( J f U / i R . F I  AN0 BNUAY HEAT FLUX SUN( HTU/HK)//(31 3 x 9 2  
31492x9  t14.7, LX,EL4.7) 1 )  
127  f 3 r l M A T (  l k l l r 4 0 X , 4 3 H t L f M E N T  F & E E  THEKMAt  E X P A I V S I U N , A L P t ~ A 8 ( r - T 0 ) / / 3  
128 f 3 3 M A T ( 6 E  13.61 
C 
G 





Q F t K  )=cI.O 

T CF(K )=0,0 

C,FM( K 1 =O. 0 

A FM IK 1 = 0.0 

N e 4 1  K ) = O  

N O D F t K  ) = O  

T P N D ( K  )=O.O 

R E A f l  ELEMENT GFOYETRY DATA, CHECK CARD f l R D E R  

D t l  I 0  J P T = L * R J P T C  

R F A D (  59 1 0 7 )  ( T ' ? l (  J P T I  J 1 * J=1 313 1 

N P C = T D l ( J P T *  1 )  
I F  (JPT-WPC 1 Q t ? O * $  
9 W R I T F ( h * l 0 3 )  J P T  
N K - I  
10 CClNTINlJF 
I F  (NK.NF,OI GO i n  99 
CFFCK FOR CflN3UCTANCF NAROR FRRORS 
N K=O 
DO 1 5  J P T = l v N J P T ?  
DC 1 5  J = r j * R  
N=Tnl( JPT9.I 1 
I f  ( N )  1 4 r 1 5 ~ 1 1  
1 1  I F  ( J P T - N )  1 2 , 1 4 1 1 2  
1 3  	RJPT=. IPT 
.I hi= J-4 




17 T C I  [ JPT.4 ) = T 0 1  ( J P T . 4 )  /12. 
t 
C R F A l l  I N I T I A L  TEYPERATURE GtJFSSESr  CURVE F I T  C n N O U C T I V I T I E S  













W R I T � (  69 1 0 7 )  

W R I T F ( 6 + 1 0 A )  4 J F ’ T I T I J P T ) ~ J P T = I .  .NJPTS) 

00 18 J P T = l r R J p T F  

TO1(.1PTt  191=7( J P T )  

2 8  C d L I  F I T I T D l ~ . I P T r N D I M ~ M A T L )  
READ RnlJNOARY C D N D I T I O N  D A T A  AN0 COMPUTE C n E F F I C I E N T S  
I F  I L D I S I . N f . 0 )  W R I T F I 6 . 1 0 1 )  
N K=O 
N TF=O 
N C R = O  
N TR=O 
D f l  1 9 . N R P T = I  VNBPTS 
19 C 41 I CONI  NRPT, WRnIM9HvNBND9 T B N D T T n l  .TDA*TD2r N ~ I M I T. L O .  NKI NVOIMINOD 
1F J N T F  1 
I F  (NK.NE.0) G O  TO 99 
C. CN PR I N T O U T  
I F  I C D I 2 I . F Q . O )  GO TO 20 
W R I T F I  6,101 1 
W R I T E (  69 105 ) I NRPT NBNDt  NBPT)  * I H  ( NRPT J I v J = l . 9  1 9 N R P T = l *  NRPTS)  
20 	I F  INTF.EO.0)  GO TO 2 1  
W R l T F ( h 1 l 0 1  1 
W R E T F I  6.1 10 1 ( .I .NODE I J 1 t TCF lJ 1 9 J = l *  NTF 1 
W R I T E f  6.11 1 )  ( J  ,NODE I J  1 v Q F IJ )  9 J=l T N T F )  
PERFnRY T T F R b T I V E  A N A L Y S I S  
7 1  	C b L L  T I M F  1 ( T F X )  
T C A T = (  TEX- STPR T /360C. 
W R I T E (  6 . 1 1 2  T n A T  
N C t = O  
NPRT=RDI  3 )  
nfl 7 9  N I T = Z . k Y T F  










N CC=NCC + 1 

I- DI 4 )=O 

DO 7 7  N R P T = I * N R P T S  

27 K 4 N ( N R P T ) = O  
ROIJNOARY CONOl  T ION I T F R A T I O N  

DEI 7 3  N R P T = I  ,NRPTS 

J PPT=NRND( NRPT 1 

C bLI  O T t N  R P T  * N R D I M +N D I  Mv J B  PT. H 9 S U M T I  SlJMH 9 T O 1  ITBND t T  COTN V O I  M. N I T  9 N 

1nCF. JNTF)  
73 r) I J RPT 1 = S U M 1  I N R P T )  
























I F  ( L n ( l O ) . F O . O )  G O  TO 7 5  
W R I T F I h r l l 3 )  
W R I T E ( 6 . 1 1 4 )  ~ J P T I T ( J P T ) ~ Q I J P T ) . J P ? = L ~ N J P T S )  
CH�CK FGQ COhVFRGENCE. C O R R E C T I O N  nF T O 1  TEMPERATURES 
7 5  	ERP=CD(4)
I F  f N f T . F O . N I T S )  GO TO 30 
I F  (NCC.NF.NP4T) GO TO 26 
NCC=O 
L C (  4 )=1 
W R I T E 1 6 . 1 1 5 )  W I T  
26 nn 2 7  JPT=I.~JPTS 
27 C bL L CONC HK ( JP T r ND I M r TD 1 r ER R r L D r NK 9 1) 
I F  ( N K )  28+?1*2e 
R E C A I C 0  K FROM NEWEST TFMP. 
28 flfl 29 J P T = l , N J P T C  
T r l (  JPTI  19)=1(  J P T )  
29 C 4 C I  F I T (  T D Z r . I P T ~ N D I M ~ M A T L 1  
30 W R I T E ( 6 r l l 6 )  N I T  
Gc; TO ’33 
3 1  W R I T E ( 6 . 1 1 7 )  N I T  
T EYPERATURE PR TNTnUT 
I F  ( L n ( 3 1  1 7 2 . 3 3 9 3 2  
3 7  	N ITMIzNIT-1 
W R I T E 1 6 r l l A )  NTTML 
W Q T T E ( b r 1 1 9 )  ~ J P T I T D ~ ~ J P T . ~ ~ ) ~ J P T = ~ . N J P T S )  
3 3  	W R T T F ( 6 r l l R )  N I T  
W R I T E (  6.119 1 ( J P T * T (  J P T )  9 J P T = L  r N J P T S )  
I F  ( L D ( 8 I 0 N F . O )  PUNCH 1069 ( T ( J P T 1  . J P T = l r N J P T S )  
CCNVFRT FROM SFCoTO H R S o  

O f l  74 NRPT=l .NRPTS 

S UMT ( N RP T )=SLY T t  NBPT 1* 3600. 

S UM H( hJ BP T 1= S UM H ( YBP T ) *3600. 

DO 74 J = 2 1 8 r 2  

3 4  H l N B P T .  J ) =H( N B P T r  J ) * 3 6 0 0 0  
PR I N 1  OUT 80kN:NARY CONDUC TANCE S ( H * A )  

W R I T F t  6r 120 )  

W R I T  F( hr 1 2 1) ( NBPT r NBND ( NBPT)  v ( H ( NBPT t J 1 9 J=2 r 8 r 2 1 .NR PT= 1r NBPTS 1 

P R J N T  OUT VARoTEYPoBOUNDARY TEMPS. 

I F  ( N T F o N F  -01 W R I T F ( 6 . 1 2 2 )  ( Jr NODE I J) t T B N D (  J )  t J=l  r NTF)  

P R t N T  nUT ELEYENT THFRMAL C n N D U C T I V I T I F S  
On 35 J P T = I * N J P T S  
3 5  T r l (  J ” T r  1 8  )=TD 1(J P T .  18 ) * 1 6 O @ o  
W P I T F (  6 . 1 2 3 )  
46 

W R I T F ( 6 . 1 1 9 )  f J P T r T O l ( J P T . I R l r  
C 
c CCMPlJTE AND hQ I T E  HEAT FL lJXFS 
DT! 36 J P T = l r h J P T $  
r)l? 36 K = 1 * 4  
36 C F ( . I P T * K ) = C F ( J P T , K ) s 3 h 0 0 .  
C 
WR I T F f  6. 101 1 
Dll  48 J P T = l , N J P T q  
N � = T f l l (  J P T .  5 1 
1 F  ( N E 1  38r37.3F1 
3 7  OJE=O.O 
GO TO 39 
3 8  Q.IF=CE:(  J P T t  1 )*( T ( N E  l - T (  J P T )  1 
39 N N = T D l (  J P T . 6  1 
I F  I N N )  41.4C.41 
40 RJN=O.O 
GC! TI7 42 
4 1  Q J N = C F f J P T . Z  I * (  T ( N N ) - T ( J P T )  1 
4 3  NW=Tf l l (J "? .79  
I F  ( N W )  4 4 . 4 3 . 4 4  
4 7  Q.JW=0.0 
GO Tfl 4 5  
44 QJW=CF(JPT.? ) * ( T ( N W ) - T f J P T ) )  
45 N S = T D l [ J P T . 8 )  
I F  f N 5 )  4 7 r 4 t . 4 7  
46 QJS=O,O 
G o  TO 4~ 
47 O J S = C E ( J P T v 4  ) * ( T ( N S ) - T f J P T )  1 
J P T = l . N J P T S )  
48 W R l T E ( h s  1 2 4 )  J P T i Q J E * Q J N , Q J W * Q J S  
C 
W R I T E (  6.101 1 
W R I T E I 6 . 1 2 5 )  I JPT.  I C E (  JPTI  J) rJ=114) 9 J P T = l . N J P T S )  
c 
c 	 P R I N T  OUT BnLf iDARY CONDUCTANCE SUMS AND H F A T  F L U X  SUYS 
WRITF(6r 101 1 
WR I T F (  6.126 3 ( N f l P T * N B N D t N B P T )  SUMH ( N B P T )  q SUMT f NRPT 1 9 N B P T = l *  NBPTS 1 
c 
C 	 Tt-FRMAL F X P A h S T n N  CALCN. AND P R I N T C U T  
I F  (L I3 ( lO) ,NE.O)  H R T T F ( 6 r l O l )  
00 49 J P T = l , N J P T S  
C Al. L F I T 7  ( T D 1* NO 1M 9 J P  T 9 ALPHA 9 THEXP 1 
49 C bL L DEFORM ( JPT.  N 0  I M I  TDl r RD 1D 9 THEXP) 
W R I T E ( 6 . 1 2 7 )  
W R I T E ( 6 * 1 1 9 )  I J P T I T H E X P ( J P T ) , J P T = ~ ~ N J P T S )  
I F  ( L 9 1 9 )  o N E - 0 )  PUNCH l ? R . ( T H E X P ( J P T ) . J P T = l . N J P T S )  
c 

t C tJFCK FOR ADCTL ,CASES 

I F  INl( 11-1 1 99.99.50 
50 GO T f l  hO 
c, 
99 	C P L L  E X I T  
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B I B F T C  L O A M  
S U B K O U T I V  E L D A  L3  9 N I  9 R C ) , C 3  IdATL ,ALPHA,hlK) 
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d J R F T t  SN7M 
t f F F F f C I E N T * A P F 4  
7 Y C Q = T D A f h )  
G C  T n  ( Ci. q + L r ) . l l )  . N C R  
R AF=AF 
G C  Tr) 12 
9 A F = 4 N  
G T  TO 1 2  
1 P  A F = A C  
G F  TO 12 
1 1  AF=TCA17)  
1 7  T r 7 f  1 4 1 = A F * T C ? (  133) 
P FTlJRN 























liP9n11 T IN F SN5 ( TDA + TD? .AE + AN.A S I  
WFAT T R A N S F F 9  C ' l E F F I C I F N T S  FCR FLOW OVFQ FLAT PLATES 
60 

6 1  

S T R F T C  FC7H 
62 
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66 






6 T R F T C  F I T A  
SURROI lT  IN F F JT?  ( 101r ND I M 9 J P T  9 A LPVA r TH F X P )  
c 





JMENS l P N  TR 11 N 9 I M .  19 1 * C O S (  5 1  r CALC ( 6 )r A L P Y A (  15 r l . 1 1  r T P � X P (  N D I M I  
1 0 1  F f l R M P T f  l H O . 7 C X . 4 5 H T ~ M P F R A T U R E  E X C F E O S  C U R V E  FIT L I M Y T  FOR ALPHA) 
T F # P =  TI71 ( J P T .  19)  
MLN = T D L I J P T . 9 )  
nn 1 NCQ= I .  5 
1 CC'SfNT.0 ) =  AI..PHh(MANrNCQ) 
J F f T F Y P - C Q I f  1)  1 313.2 
7 W P I T E (  6.1 C 1 )  
GT: T f l  9 
3 	 MCP = CQS(3) 
NDP l = h f r I P + l  
DO 4 N C O = I . N C P I  
I c = Ei+WCO 
4 C.41 C . ( Y C c ) ) =  ALPHAIMANvLC)  
T F ( C Q S ( 3 )  E r 5 . h  
5 Y =  C A I  C.(l ) * t C S f 4 )  
GP Tf l  9 
h 	 Y = CALCfNODll 
T F M l  = T F Y P * C O S ( S )  
nn 7 NPY=I.NOD 
.J3 = WflPI-NPY 
7 Y =  C 4 I - C ( . 1 7 ) + Y * T F M I  
Y = Y * C O S (  4 9 
4 T I - F X P (  J P T  ) = Y  




d TBFTC CONCHC 
C T R F T C  CFFPYM 
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I f  conduction neighbors agree, NK = 0 I Maximum iterations achieved? Nn & 
No (-Check for temperature change convergence ) 
L- /-
IZero storwe l  
t 
Read in element conduction 
\ 
data TDl(NJPTS.13): i f  card /order correct, N K 4  
No 	 A 
t S 
Perform iterative over-relaxation 
analysis to determine steady-
state temperature distribution 
Calculate boundary conductance 
and heat f lux  for  each element 
Calculate new temperature for(-each element by over-relaxation 
+I 
areas and store in  TD1 
1
( Read in in i t ia l  temperatures 
Curve f i t  conductivity 
Read in element boundary condition data, 
compute coefficients and conductances 
No ( N X ? \  Yes I 
ICALL-lCONCHK 
Convergence achieved? 
Calculate conductive heat fluxes 
t 
Curve fits thermal expansion 
to final temperatures 
CALL FIT2 
ICALLDEFORM^ 
I f  additional case, GO TO BEGIN 







Boundary condition type = 7 3 
_ .  
Boundary condition-type =* 
~ -_t Yes __ 
( R e a d f s p e c i f i e d f l u x J  ~~ ~ 
If index card conduction number 
matches indicator card, NK=O 
No ( A d d i t i o n a l r y c o n d i t 9  
t yes._-_-__ 
If index card conduction number 
matches indicator card, NK=O 
NK=O? 
Read in appropriate data, calculate 
coefficient and conductance 
Figure 9. - Flow chart  for subroutine CQN. 
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Place sDecified heat f lux in\ element total heat f lux J I 







Add radiation "conductance" and 
calculated heat f lux to totals+ 

Type = 6? No~-
calculate varying temperature conduction 
and heat flux, and add to totals 
@ 





CHANGING OF BOUNDARY CONDITION COEFFICIENTS 
The program is designed to make the addition or  substitution of equations for  heat 
transfer coefficients relatively easy. The coefficients, the products of coefficient t imes 
boundary area and the products of coefficient t imes boundary area times bulk fluid (or 
environmental) temperature are calculated in subroutines SN1, SN2, SN3, SN4, SN5, 
FC1, FC2, FC3, andFtA1. 
The varying temperature coefficients, at present, use  subroutines SN1 and SN3. 
Other calculations for the varying temperature boundary conditions are performed in 
subroutines CQN and QT. 
S u b s t i t u t i o n  o f  a Di f fe ren t  Coef f ic ient  
To substitute a new expression for  one of those presently used, the appropriate sub­
routine is rewritten using the present words in the TD2 list for  the output (coefficient, 
etc. ). This assumes that the same properties or  at least the same number of properties 
are required. If not, the number of i tems to be read in must be changed in subroutine 
CQN. Also the TD2 words used for  output must be changed in the coefficient subroutine 
as well as in subroutine CQN. The appropriate formats of subroutine CQN must also be 
changed to reflect the TD2 changes. 
The TD2 list of a varying temperature condition must be compatible with the TD2 
list of the coefficient subprogram used. Thus, if subroutine SN1 is changed to require 
more input data, subroutine VT1 (see table 11) must also be changed. The output, which 
is common to both, must use  the same new TD2 words. 
TD2 word changes f o r  a varying temperature subroutine must be made in subroutine 
QT as well as in subroutine CQN. Wherever a TD2 word (e.g., TD2(15)) appears in the 
varying temperature sections of subroutines CQN and QT, the new word must be substi­
tuted. 
Also the two indicator flag words (TD2(10) and TD2(11)) must be the same for  all VT 
(varying temperature) conditions. The calculations involving the flags require this. The 
sections in subroutines CQN and QT handling the temperature change along the flow and 
the effect of flow combination use  the flags to control the flow in the subroutines. If one 
or  both of the flag words are changed for  one VT condition, it (they) must be changed for  
all conditions and the new word(s) must be used in subroutines CQN and QT. 
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A word of warning should be added. As implied previously, the TD2 list is used for  
both input to and output from the coefficient subroutines. This table is dimensioned for 
20 items. If more are needed, the dimensions in SEAL2, CQN, and the coefficient sub­
routines must be increased. 
Addition of New Coefficients 
If an additional boundary condition is desired, a new subroutine must be written. A 
varying temperature condition involves the precautions mentioned under substitution. 
Also the TD2 list capacity must be remembered. 
Also, for an added condition, a section must be added to subroutine CQN. This sec­
tion will be analogous to the subtype sections already present. The products of coeffi­
cient times area and of coefficient times area times bulk fluid temperature must be 
stored in the correct places in the conductance matrix. An output format for the TD2 list 




COMPUTER PROGRAM APPLICATION TO MAINSHAFT SEAL 
Seal Description 
This appendix is presented as an application of the computer program to a specific 







c _ _ _ _ _ _ 
U 
\ 




Figure 11. -Face seal with self-acting gas bearing for lift augmentation. 
turbine engines. This is a face-type seal with a self-acting gas bearing which acts to pre­
vent rubbing contact when deformation of the sealing faces occurs. 
In figure 12(a) a modified version of the nosepiece assembly is presented and the 
boundary conditions are shown. This modification is for the purpose of concentrating on 
the mechanics of the program application. 
Figure 12(b) shows the element schematic including conduction numbers and dimen­
sions. A portion of the seal plate is included since it influences the temperature of the 
airflow through the seal gap and therefore has an effect on the nosepiece temperature. 
Also a portion of the piston ring and its holder, which form a conduction path to the nose­
piece carrier,  are included. 
The numbering sequence starts with the nosepiece assembly since this is the region of 
interest for this problem. The desired printout is therefore available at the beginning of 
75 

l11l111llIll I I1 I1 
525" F o i l  
0.0005 seal gap 
0.36 Average clearance I t065I rav. .  
(axial scale 
increased) =-I k- AZ 
'av Ar 




.lo0 .110 .125 ~.1o0I .lo0 1.0801 rav Ar r 3.480 .06 1 1 78 79180 3.450 0.043.47 3.415 .07 3.405 .05 3.38 
3.355 .05 3.355 .05 
3.305 .05 3.310 ­.04 3.29 
3.255 .05 
3.195 .07 17 .18 52 89 90 3.240 .10 
- .. __ 
3.125 	 .07 '11-$,5 . ~ ~  
3.03- 3.060 .06 6 .085'\ I 0.04 diam (36 holes) 
1050
2.965 .13 \ 1 91 I 92 I 
2.90­
(b) Dimensions and conductance element numbering for nosepiece assembly depicted in f igure  12(a). (A l l  
dimensions in inches.) 


























Specified heat flux 
(-0.1029851Btulsec) 
(c) Boundary element numbering and boundary heat t ransfer conditions for nosepiece 
assembly depicted in f igure 12(a). 
Figure 12. -Concluded. 
each section of output, and the remaining elements can be ignored. The piece by piece 
numbering is not necessary; any convenient order  could be used. 
Figure 12(c) shows the boundary numbers and the subroutines used to calculate the 
heat transfer coefficients. H e r e  again, the sequence is a matter of convenience and the 
nosepiece assembly is numbered first. Numbers 1to 11a r e  assigned to the region where 
concentric cylinder flow (SN4) is assumed. Conduction element 56 was ignored since only 
a relatively tiny par t  is a boundary of the piece. Numbers 12 to 41 were assigned to the 
liquid film cooled (FC3) boundaries. The varying temperature duct flow (VTl) is num­
bered next. Since conduction element 12 already has a boundary number (7), the sequence 
continues with 42 assigned to conduction element 11. The method used is an approxima­
tion to avoid the complexities involved if conduction elements 18 and 14 are included as 
should be done. For  the varying temperature seal gap (VT2) flow, numbers 48 to 50 were 
assigned to the nosepiece elements not already given boundary numbers. 
For  the seal plate, the east face of conduction element 92 and the north face of 110 
were  assigned coefficients. The south face of 92 was assigned a heat flux. These values 
were  obtained from a thermal analysis of the seal shown in figure 11. Boundary numbers 
53 to 60 were assigned to the seal plate elements exposed to seal gap flow. The remain­
ing boundary numbers, 61 to 72, were  assigned to elements given specified temperatures 
obtained from the previous analysis mentioned. 
The title and parameter cards  (Items 1to 5 under Computer Input in appendix A) were 
filled out as indicated in the first section of the printout. Also in  this section, Items 6 
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and 7, the thermal conductivity and expansion data, are indicated. 
Next are the conduction element cards (input Item 8). These are shown in the second 
section of printout (conduction element table). Words 1to 8 of each card are obtained 
from the information in figure 12(b). In word 9, three materials were used. The nose­
piece was material number 1. The piston ring and its holder were material number 3. 
The remaining parts were material number 2. The last four words are contact resis­
tances. 
It should be noted that each contact resistance must appear twice since the program 
ignores neighbor contact resistance in computing heat fluxes. Thus for elements 42 
and 46, the contact resistance appears in word 11 (north contact resistance) of element 42 
and in word 13 (south contact resistance) of element 46. Contact resistances between 
parts were calculated using a "conductance coefficient" (hc = 0.2) for conductance across 
the interface. The resistance between elements 90 and 60 was  the difference between the 
resistance of the air gap and the resistance of an equal volume of material number three 
(element 90 uses the same mean radius and radial width as element 89). The resistance 
between mismatched elements (elements 52 and 54 were changed in axial length to approxi­
mate the actual dimensions in the region) was  calculated as illustrated in figure 13. It was  
assumed that the larger ith element (e. g. , 52) has a conduction path length of d' rather 
than Ar/2 as in figure 5. The area was based on A Z m  rather than AZi. The contact 
resistance was the difference between d'/2nrm AZm and Ari/4srm Ati .  
The initial temperature estimates (input Item 9) follow the conduction cards. These 
values were obtained from a previous analysis in order to reduce'the computer time re­
quired. However, any reasonable estimates can be used including the use of one temper­
ature for all elements. 




i*h element I-Ali  1 
Figure 13. - Outline of calculation of contact resistance between 
elements of different axial dimensions. dl = m;










I 866' 882 905 939 1011 1087 1086 
I 
924 957 997 1051 1123 1123 
965 1003 1044 1092 	 1159 1167 I 1202 1 1204 1 1162 1 1128 1 1114 I 1105 I 
1185 1190 1213 1213 1163 1130 I 1115 I 
hM1052 11207 112621 1279 1 1286 1 1291 1 1298 
Figure 14.- Example problem of temperature distribution in O F  for nosepiece assembly of seal depicted in figure 11. 
The boundary heat transfer cards (input Item 9) are assembled element by element. 
The boundary numbers determine the order  of the sets. A set consists of the indicator 
card for the element followed by the index card, plus any others required, for  each "side" 
of the element that is a boundary. The indicator cards do not appear in the printout but 
the order  of the other cards for each element is indicated in the section of printout follow­
ing the initial temperatures. This section, as well as the conduction element table, are 
not standard output i tems but are included to indicate the cards  required. Some calculated 
values (Reynolds o r  Prandtl  numbers and the following i tems for  each element side) are 
included in this printout. 
In preparing the varying temperature boundary cards,  the region at which the flows 
joined required the use  of approximations because the program permits only one varying 
temperature condition pe r  element. Boundary element 47 (fig. 12(c))was assumed to be 
affected only by the duct flow. For  boundary elements 49 and 50, special a reas  (code 
number 5) were used with the sums of the appropriate faces  as the a rea  values. Ele­
ment 56 was made the combined flow element with 47 and 55 (conduction numbers 19 
and 98)as the upstream elements. 
The film cooled (FC3)boundary was another area where approximations were in­
volved. It was assumed that flows originated at the northwest corners of boundary ele­
ments 16 (two 0.018 lbm/sec), 24 (two 0.018 lbm/sec), and 35 (two 0.012 lbm/sec) (see 
fig. 12(c)). The flows were assumed to be either toward o r  parallel to the axis except for  
elements 20 and 31 to 33. The arrows outlining the region indicate this. Elements 20 and 
31 to 33 had flow around the circumference and were the only elements where the equation 
properly applied. For the other elements, the flow length was taken as the sum of the 
element sides over which the flow occurred and the length perpendicular to flow was the 
average circumference for the side. 
After all cards were prepared and assembled, a preliminary run was made to check 
f o r  e r rors .  The LD card (input Item 2)options (or words) 1, 2, and 5 were used. Limits 
of 1 minute and 100 iterations were set. The results of the final run are presented in the 
sections of printout starting with the element center temperatures. These temperatures 
and the varying temperature boundary temperatures a r e  also plotted in figure 14. Im­
proved results could be obtained by using fluid properties based on the new film tempera­
tures  calculated f r o m  the results.  This applies especially to the varying temperature 
flows where the properties were  based on the initial flow temperatures (1300' F). 
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Computer Output for  Sample Problem 
S A M P L E  PROflLFM+ MlllYSHAFT SFAI.  NO5EPIECF 
t o =  1. I 2. 1 3 . 1  4.-o 5 . 1  6 , - o  7 . - o  ~ . - n  q , - n  i o . - n  
N I =  1.  1 2 .  -0 P. - n  4 .  -0 5. -0 
Rr)= 1. l.5COOCCE C O  2. 7 . 0 o o o o n ~  n i  3 .  i . o n o o o n ~  0 2  4.-0. 5.-n. 
CO= I .  t . i rnnnoE n2 7. 7.20000nE 01 1. 1.000000E 0 3  4 .  5.00OOOOF-02 5.-0. 
6. 1.300nno~ c3 7. 1.300090F 0 1  R.-O. 9 ,  2.0onooot 01 io.-o. 
f l A T A  FOR ALPHA. 
I 1 .5oonooo~  03 2 1.nooooonF no 3 1.ooooonoF 00  4 1.onnooooE 00 5 I.oooooonF on 6 1 - 3 5  00E-06 
7 1.500000C�-09 
DATA FOR ALPHA. 
1 I.RoonoonE 03 2 2.000000OE 00 3 1.0000000E 00 4 I.OOOOOOOF 00 5 L.On00000E 00 6 2.9W7000E-06 
.7 2.5400000E-C9 
I l.hO00000E 03 2 3.nooooonc on 
DATA FOR ALPHA. 
3 Z . O ~ O O O O O E  00 4 I.onooonoE 00 5 1.cnnnnooE no 6 7.0200000~-06 
7 R.607 1429F-10 8 3.571429OF-13 
C T N f l U C T I O N  FLEMFNT T A R (  F IT011  
I 	 I .  i . r o o o ~  no 2, 7 . 0 6 0 0 ~  no 3. b.onnoF-07 4 ,  5 .0000~-02  5. 2.0n00~ 00 6, 7 .no00~  00 7. 0. 
R. n .  9. 1.COOOF 00 LO. -O.  ll.-0. 121-0. 1 3 . - O .  
2 	 1. 2 . C O O O F  00 z .  P . ~ O C E  00 3. A . O O ~ ~ E - O Z  4. 5 . o n n o ~ - n ~  5. 3.0000~ no 6. 8 .0000~  00 7. 1.ooonE 00 
8 , - 0 .  9. i . n o o o ~  n o  io , -o .  l l , - O .  12,-0. 13,-0. 
3 	 1. 3.00OOE 00 7. 2.0600E 00 9. 6.OOOOF-02 4. 7.5OOOF-07 5. 4.0000E 00 6. 9.0000E 00 7. 2.OOOOE 00 
8.-0. 9. 1 . o n o o ~  00 IO.-O. lI.-O. l2.-0. 3,-n. 
4 I .  4 . c n n c ~  no  
8.-n. 
7. ?..nt.oo~ on 3. 6 .onnn~-o7 4 .  ~ . ~ O ~ O E - D Z  5. 5 . 0 0 0 0 ~  00 6. I .OOOOE 01 
9. 1 . n n o o ~  o n  IO. -O .  l l . - O .  I2,-0. 3,-0. 
7, 2.000nE 00 
5 I .  5.cnonE no 
R.-0. 
2.  3.0600~ 00 3 .  6 .nnn0~-02  4, 7.5000~-02 5. 6 . o o n n ~  00 67 1-1000E 01 
9. 1.onoo~ 0 0  in .+ .  ll.-0. 17.-0. 31-0. 
7. 4 . 0 0 0 0 ~  no 
b I ,  6.COOOF 00 
R. -O.  
2. 2 .0600~  00 3 .  h . i o r l o ~ - n ?  4. 7 .5000~-07  5. 0. 
9. i . n o o c ~  no IO.-O. ll,-O. 12.4. 13.-n. 
7. 5.0000E 00 
7 I .  i . r nocF  00 
A. i . o ronF  00 
2 .  P.1250E 00 9 .  7. O O O D F - O ~  4 .  ~ . ~ O O O F - O ~  5. 8.onnoE 00 6, 1.3000F 01 
9. 1 .oonnE n o  in.-o. i i . - n .  12.-n. 1 3.-n. 
7. 0. 
R 1. 8.cnooE on 
R. Z . C C O O E  00 
7.  3.1250E 00 3 .  7 . 0 0 O O F - 0 2  4 .  5.0000E-02 5 .  9 . 0 0 0 O E  0 0  6 .  1.40nOE 01 
9. I.OOOOE o n  io.-n. ll.-O. 12.-0. 13,-0. 
7, 7 . 0 0 0 0 ~  00 
9 	 1 .  9.ononF on 7. 2.1250E 00 3 ,  ~ . O O O C I E - ~ ~  4. 7.5000~-02 5. 1.OOOOF 01 6. 1.5000E 01 7.  8.0000E 00 
R. s.ncnoF no 9. 1 ono on^ 00 10.-0. L1.-0. i2 . -n .  13.-0. 
I(!  1. 1.COOOF 01 
E. 4 . 0 ~ 0 0 ~00 
2 .  2.1250E 00 3 .  7.OOOOF-07 
9. 1.OOOOF 00 10.-0. 
4. 7.5000E-02 
Ll,-O. 
5, 1 . 1 O O O F  
121-0. 
01 6. 1.6000E 
131-0. 
01 7 .  9 . o o n n ~  00 
1 1  1. 1 - 1 0 0 0 E  01 2. 3.1250E 00 3. 7 .onno~-o2 4.  7.5OOOF-02 5. 1.2000E 01 6 .  1. 7000E 01 7, 1.0000E 01 
R. 5.CCOOE 00 9. 1.OOOOE 00 10,-0. 11.-0. 12.-0. I 3.-0-
1 2  1. l.iOO0F 01 
R. 6.OCOOF 00 
7. 3 . 1 2 5 0 ~  00 3 .  7 .0000~-02  







01 7 .  1.1000E 01 
1 3  1 .  1.300OE 01 2. 3.1950E 00 3. 7.OOOOF-02 4. 5.OOOOF-02 5.  1.4000E 01 6. 0. 7 .  0. 
8. 7.CCOOF 00 9. 1.0000E 00 10.-0. ll.-O. 12.-0. 13 . -n .  
1 4  1, 1.4000E 0 1  2. 3.1950E 00 3. 7.OOOOF-02 4 .  5.0000E-02 5 ,  1.5000E 01 6. 1.9000E 01 7. 1.3000E 01 
8. 8.CCOOF 00 9. 1.0000E 00 10.-0. l l . - O .  12.-0. 13,-0. 
1 5  1. 1.5000E 01 7 .  3.1950E 00 3 .  7.nnnn~-oz 4 .  7 -5OOOE-02 5. 1 . 6 n o o ~  01 6r 2.0000E 01 7. 1.4000~ 01 
8. 9.OCOOF 00 9. 1 .OOOOE n o  io.-n. ll.-O. I2.-0. 13,-n. 
I C  1. I .COOOF 01 2. 3.1950E 00 3. 7.0000F-07 4.  7.5000F-02 5. 1.7000E 01 6 .  2.1000E 01 7. 1.5000E 01 
R. 1.OCOOF 01 ‘3. 1.0000E 00 10.-0. II.-n. 12.-0. i3,-n. 
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1 7  1. i - i n r o ~01 7 .  3 . 1 9 5 0 ~  00 P. 7.nnnn~-n? 4. 7.5000~-02 5. I.ROOOF 01 6, 2 . 2 0 0 0 ~  01 7, 1.6000~ 01 
R. I-ICOOF n i  s, I.OOOOF 0 0  in.-o. ll*-O. 12,-0. 13.-0. 
I P  7. 3 . 1 ~ 5 0 ~on 1. 7 .000n~-02  4. 7 .5ooo~-n7  5. 5 .2000~  01 6. 7.3000~ 01 7. 1.7000E 01 
5 .  I.OOQOE 0 0  i o .  ~ . I Z P ' O F  0 2  ii,-o. 12.-o. 13.-0. 
I O  1, ~ . s n n c F  01 2, 3 . 7 5 5 0 ~  no 9, ~ . O O O O F - O ~  4. ~ . O O O D F - O ~  5. 2.0000~ 01 6. 2.5000~ 01 7. 0. 
R. 1.4COOF 01 $ 9  1.OC0CF 0 0  10. 0. lI,-O. 12.-0. 13.-0. 
7 C  1. 7.CnOCF 0 1  
R. 1 . 5 t o 0 ~  01 
7. 3.2550E 00 7 .  5.0000E-02 4. 7.5OOOF-02 5r 7.1000F 01 6. 2-6000E 01 
9. 1.cnoo~ 0 0  io.-n. ll*-O. iz.-n. 13.-0. 
7 .  1.9000E 01 
7 1  I .  7.1000E 0 1  2 .  3.7550E 00 3. 5.0000F-02 4. 7.5000E-02 5. Z.2OOOE 01 6. 2.7000E 01 7, 2.0000E 01 
8,  1.60OOF 01 9. 1.0OOCE 00  101-0. ll,-O. 12.-0. 13.-0. 
77 I .  7 . 2 1 r o ~  01 2. 3 .2550~ no 3 .  ~ . O ~ O O F - O ?  4. ~ . ~ O O O F - O ~  5. 2 . 3 0 0 0 ~  01 6. 2.0000~ 01 7. 2 .1000~ 01 
4. 1.7CnOF 31  5 .  1.0000E 0 0  I 0 . - 0 .  l l , - O .  12.-fl.  1 3 J . - 0 .  
7 2  I .  2.7now 01 7. 3 .7550~  00 3. 5 .0000~-02  4. 7.5000~-02 5 ,  5 .3000~  01 6, 2.9000~ 01 7 ,  2 .2000~  01 
n iR .  1 . ~ ~ 0 0 ~  9, i.nooo~ on i n .  7 .0400~  0 7  ii.-n. 1?.-0. 19,-0. 
7 4  I .  7 . 4 1 r Q E  CI 7, 9.7050E 00 3. 5.0000F-02 4 ,  5.0000E-02 5. 2.5000E 01  6 .  3.0000E 01 7. 0. 
R. 0.  9.  I.0COOE 00 101 0. 11.-0. 12*-0.  13.-0. 
2 5  2 .  7.9050F 00 3 .  5.flOOOF-02 4. 5.0000F-02 5. 2.6000F 01  6r 3.1000E 01 7 r  2.4000E 01 
9. I .OOOfl�  00  101-0. ll,-O. 121-0. 139-0. 
? c  1. z.cocoF n i  2. 3 .3050~  00 3. 5 .0000~-02  4. 7.5000~-02 5. 2 .7000~ 01 6. 3 .2000~  01 7. 2.5000~ 01 
RI 7 . 0 C O O F  01 9. 1.00OOE 00 10.-fl. 1 11-0. 12.-0. 13.-0. 
77 I .  2 . 7 0 ~ ~01 2. 3 . 3 0 5 0 ~  00 3 .  5 .onno~-o7  4 .  ~ . ~ O O ~ E - O Z  5. 7 . 8 0 0 0 ~  01 6. 3.3000~ 01 7. 2.6000~ 01 
u. 7 . 1 ~ 0 0 ~01 9. i.0000~ no  io.-n. ll.-O. 12.-0. 1 3 ~ 0 .  
7~ I .  ? . ~ o n o ~n i  7 .  3 .3050~  GO 3.  5.0000~-07 4 .  ~ . ~ O O O F - O ~  5. 2 . 9 0 0 0 ~  01 6. 3 .4000~  01 7. 2.7000~ 01 
4. Z . 7 C 0 0 F  01 9. l.00OOF 00 lO.-fl. ll,-O. I2.-0.  13.-0. 
7 5  I .  2.5000F 01 2. 3 . 3 0 5 0 ~  GO 3 .  5 .0000~-02  4 .  7 .5ooo~-n2  5. 5 . 5 0 0 0 ~  01 6, 3.5000~ 01 7 .  2.8000E 01 
R. 2.3COOF 01 4. 1.0000E 00 10. h.93WE 0 2  ll,-O. 12.-0. 13.-0. 
7 P  1. 3.COOOF 01 7. 3.1550F 00 3 r  5.0000E-02 4. 5.0000E-02 5. 3.1OOOE 01 h .  0 - 7. 0. 
0. z.4cno~ 01 9 ,  i.cocoE oc IO. n. ll.-O. 12.-0. 13,-0. 
3 1  I .  i . irow 01 7. 3.3550f 00 3.  5.0000E-02 4 .  5.OOOOF-02 5. 3.2000E 01 6 .  3.6000E 01 7. 3.0000E 01 
01 9. 1.0000E 00 101-0. i i , - n .  12.-0. 1 3 ~ 0 .a. 2 . 5 ~ 0 0 ~  
3 7  1. ?.?n0CF 0 1  2. 3.3550F 00 3. 5.0POOE-02 4 .  7.5OOOE-02 5. 3.3000E 01 6. 3.7000E 01 7 r  3.1000E 01 
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7 1  1172.0 7 2  1173.0 73 1164.0 74 1163.0 75 1163.0 76 1170.0 77 1171.0 70 1164.0 79 1163.0 
81 1169.0 82 1169.0 83 1167.0 E4 1167.0 85 1166.0 86  1166.0 8 7  1165.0 R 8  1165.0 89 1107.0 
9 1  871.0 97  P8l.O 53 869.0 9 4  877.0 95 R66.0 9 6  872.0 97  864.0 98 R68.O 99 861.0 
101 Rtn.0 102 ~ 6 4 . 0  103 e58.o 104 8 6 0 . 0  105 956.0 106 u5fl.o 107 855.0 L O R  056.0 109 851.0 
7 r  9.1000E 01 
7. 0. 
7. 9.3000E 01 
7. 0. 
7, 9.5000E 01 
7 1  0. 
7. 9.7000E 01 
7, 0. 
7. 9.9000E 01 
7, 0. 
7, 1.0100E 02 
7. 0. 
7. 1.0300F 02 
7. 0. 
7 .  1.0500E 02 
7. 0. 
7. 1.0700E 02 
7 ,  0. 














FI  FMF*T= I .  TYPF-2. SUATYPF=4. NEXT=I. ITEMS RELO= 9. AREA COOE=4. SPECIAL ARFA=-O. SO-FEET 
CPNCFNTPIC CYL INCFRC 
T-H=IlPO. K-F= 0.1@1RF-04 C-P= 0.2679F 00 VU= 0.26ePF-04 NU= 0.5593F-04 R-O= 0 - 2 5 2 5 E  00 R - I =  0.2417E 00 OMEGA- 1570. 
V - ~ Y =c . 3 1 3 4 ~  on Q F =  O.1502E 0 6  P Q * * l / l =  0.R903F 00 H COFFF= 0.9706356F 00 COEFF*AREA= O.6516322E-02 
FI FMFNT= 1. TYPF=t. SUETYPF=2. NFXI=O. ITF l rS  REAn=14. AREP COCF=9. SPECIAL AREA=-C. SQ-FEET 
V4R.TFMP.?AClAL CFAI GAP 
T - R = l O C ? - K-F= 0.0fc4F-C5 C - P =  0.26476 00 MIJ= 0.25621;-04 NU= 0.499OF-04 R-AV= 0.255CE 00 GAP= 0.4333E-04 OMEGA= 1570. 
R-n= 0.2997F 00 FI AS-C=O. FLAG-I=?. ANN.NRR.= 94. FLO.NRR.= 0. YASS FLOU= 0.23R2F-02 
RF= 0.7046F C7 P R * * 1 / 3 =  0.8RSCF 00 RE-C= 0.6754F 0 7  H COEFF= 0 - 3 9 6 1 5 7 9 E  00 COEFF*AREA= 0.3173645E-02 
HT .CFN .FATTOR= C. IPCPOF 01 
FI  FMcLT= 2. TYPE=?. SUETYPF=4. NFXT=O. ITEM< R�An= 9. ARFA COOE=4. SPECIAL ARFA=-0. SO-FFFT 
CIlNCFWTRIC CYLIVCFRC 
T - R = i i c o .  K-F= n.in71E-n4 c - P =  0 . 7 6 8 0 ~  on nil= 0 . 7 6 9 0 ~ - 0 4  NU= 0 . 5 6 3 2 ~ - 0 4  R-O= 0 . 2 5 2 ~  00 Q - I =  O.Z+I~F 00 OMEGA- 1570. 
V-AX= C.1134F 0 0  PF= 0.1492F 06 P P * * 1 / 3 =  0.R904F 00 H CIlFFF= 0.967240hF 00 CMFF*AREA= n .6393880~-02 
F1 FMFh'T= ?. TYPF=?. SUBTYPF=4. NEXT=O. ITFCC REAO= 9. AREA C@OF=4. SPECIAL ARFA=-0. SO.FFFT 
CnNCFhTRlC CYLINTFRC 
T - R = i i o n .  K-F= O . I O Z ~ F - O ~  c - P =  0 . 2 6 8 2 ~  00 WIJ= n . 7 6 9 6 ~ - 0 4  NU= 0 . 5 6 6 4 ~ - 0 4  R-O= 0 . 2 5 2 5 ~  00 R-I= 0 . 2 4 1 7 ~  00 OMEGA= 1570. 
V - A X =  c . 3 1 3 4 ~  on R F =  0 . 1 4 ~ 3 ~06 P R * * i i i =  0 . ~ 9 0 5 ~00 H COEFF= 0.96437t.n~ no COEFF*AREA= 0.9562416E-02 
FLFMch'T= 4. TYPF=Z. SURTYPC-4. NFXT=O. I T E M 5  PFA0= 9. AREP CODE=4. SPFCIAL ARFA=-0. 5O.FFFT 
CTNCFNTQIC CYL I V T F Q C  
T - 9 = 1 l P O .  K-F= 0.1033F-04 C-P= 0.2687F 00 ClJ= 0.271bE-04 NU= 0.5774F-04 Q-O= 0.7525E 00 9 - I =  0.2417E 00  OMESA= 1570. 
V - A X =  r . 3 1 i 4 E  no  RF= 0.1455F Ob P Q * * l / l =  0.8907E 00 H COEFF= 0.9549769E 00 COEFF*AREA= 0.9469218E-02 
FI FMFI*T= 5. TYPF=7. SURTYPE=4. NEXT=O. ITFWS PEAn= 9. AREA COOE=4. SPECIAL AREA=-0. SO-FEET 
CONCEhTPIC CY1 I h l r f Q S  
T-R=I~CO. K - F =  o . ! n 4 7 ~ - 0 4  c - P =  0 . 2 6 9 2 ~  00 MU= n . ? ~ i b ~ - o 4  NU= O . ~ E ~ O E - O ~R-n= 0 . 2 ~ 2 5 ~00 4 - I =  0.2417~ 00 OMEGA= 1570. 
V - A X =  c . 3 1 i ~ r  n n  Q F =  0.1427F 0 6  PR**L/3= O.8910F 00 H CCIEFF- 0.9452609F 00 COEFF*ARfb= 0.9372877E-02 
F I  FMFLT= 6 .  TYPF=?. SUPTYPF=4. NEXT=l. I T E M S  READ= 9.  AREA COOF=I. SPECIAL ARFA=-0. SO-FEET 
CCNCch'TRlC C Y 1  INCCRZ 
T - R = I l O O .  K-F= C . I O E 1 E - 0 4  C-P= 0 . 2 h 9 R F  00 PIJ= 0.2759F-04 NU= O.hO18E-04  R-n= 0.255r)E 00 C-I= 0.2417E 00 OMEGA= 1570. 
V-AX= C. QF= 0.1727F 0 6  p R * * l / 3 =  0.R912E 00 H COEFF= 0.931856hE 00 COEFF*AREA= 0.746516OF-02 
F I  FMChT= h .  TYPF=7. CLRTYPF=4. NFYT=O. I T F N t  R E A O =  q. AREA C O O E = 4 .  SPECIAL ARFA=-0. SO-FEET 
CPNCCNT91C. CYL INCFRC 
T-R=IICO. K-F= C.IO=IE-O~ c - P =  o .zh98t  on r u =  0 . 2 7 5 9 ~ 0 4  NU= O . ~ O I R E - O ~  R-O= 0 . 2 5 2 5 ~  no R - I =  0.2417~ 00 OMEGA= ISTO. 
V - A X =  r . 3 1 3 4 ~  07 PF= 0.119bF O h  P R * * l / l =  0.8912F 00 H CnEFF= 0.9348986F 00 COEFF*ARFA= 0.9270129E-02 
FLFMFLT= 12. TYPF=7. SURTYPF=4. Y F X T = l .  I T F W  RELO= 9. AREA COOE=I. SPECIAL AREA=-0. SO-FEET 
CPNCFLTRIC CYLlNCFRF 
T - R = I ~ O O .  K - F =  0 . 1 0 4 5 ~ - n 4  c - P =  0 . 2 6 9 4 ~  00 MU= 0 . 2 7 4 5 ~ - n 4  NU= O . W W F - O ~  R - O =  0 . 2 6 0 8 ~  00 R-I= n . 2 4 1 E  00 OMEGA= 1570. 
V-AX= 0. RF= 0.2543E O b  P R * * l / 3 =  0.8911F 00 H COEFF= 0.9354691F 00 COEFF*AREA= 0.8928836E-02 
FLFMFNT= 12. TYPc=h. SUSTYPF=l. NFXl=O. I T E M S  RFAl)=IL. AWEA COOE=5. SPECIAL AREA- 0.23562E-02 SO.FEET 
YAK.rEYP.JUC1 +Lad. LI.,UI 3 
T-8=1285. K - F =  0.1OCLE-04 z - P =  d - Z b 9 3 t  0 0  MU= 5.2732. - 3 4  M A S S  F L 3 d =  0.5685E 01 0-HYOH= 0.3333E-02 L - = L O I =  3.31?5E-32 
ANh.NBi.= J. FL3W NbA= U. F L A G - C - 0 .  FLA2-1=1. X - S t C =  0.3142E-03 
R E =  0 . b Y Z O E  0 1  P 7 =  0.757*E 00 t l  CtIEFF= 3.4122549F-01 COEFF*ARiA= 0.735735OF-04 
El FMFNT= 52. TYPF=?. SURTYPF=4. NFXT=I. ITFMS READ= 9. AREA COOE=l. SPECIAL ARFA=-0. SO-FEET 
CPNCFNTR IC. CY1 INTFQS 
T--R=17f'O. K-F= P.l036F-C4 C-P= O.Zb89F 00 VU= 0.2725F-04 NU= 0.5824E-04 R-f l=  0.26 tZF 00 R - I =  O.2417E 00 OMEGA= 1570. 
V-AX= C.477bF 0 0  R F =  0.336bF 0 6  P9**1 /3= 0.890RE 00 H COEFF= '1.9456614F 00 COEFF*AREA= 0 .9228304~-n2 
F I  FMFfiT= 52. TYPF=7. SUBTYPF=4. NFXT=O. ITFMS REbn= 9. AREb COOF=4. SPECIAL AREA=-0. SO-FEET 
CllNCFNTRTC CY1 I N r F Q C  
T - R = i 3 r n .  K-F= o . i n i e ~ - w  C-P= 0 . 2 6 8 9 ~  on VU= n . 2 7 ? % ~ - 0 4  NU= 0 . 5 8 2 4 ~ - 0 4  R-O= 0 . 2 6 3 3 ~  00 R-I= 0.2417~ 00 OMEGA= 1570. 
V-AX= C.472hF Or) R E =  0.2949F O b  P R * * L / l =  0.8908F 00 H COFFF= 0.9450770F 00 COFFF*AR EA= 0.1 1 0 7 6 1 9 E - 0 1  
FLFMFNT= 54. TYPc=Z. SUATYPF=4. NFXT=1. ITEMS REAO= 9. AREA COOE=I. SPECIAL AREA=-0. SO-FEET 
CONCENTRIC C Y 1  INIIFRS 
T - q = i i r o .  K-F= o . i n i h ~ - 0 4  c -P= 0 . 7 6 8 9 ~  on MU= 0.2725E-04 NU= 0.5824E-04 R-n= 0.2712F 00 R - I =  0.2417E 00 OMEGA= 1570. 
V-AX= 0.4726F 00 P F =  0 . 4 0 9 0 ~  oh PR**I/~- ROOBE BE on H COEFF= 0 . 9 4 7 6 6 1 0 ~  on COEFF+ARFA= n . 6 7 2 9 6 3 3 ~ - 0 2  
F I  FMEPT= 54. TYPF=7. SURTYPE=4. NEXT=O. ITEWS Q F A W  9. AREA COOE=5. SPECIAL ARFA= 0.17617E-02 SO-FEET 
CnNCFNTRIC C Y 1  INCFQS 
r - R = i i o n .  K - F =  O . I ~ P ~ E - O ~  c -p= 0 . 2 6 8 9 ~  00 MU= n . z 7 2 5 ~ - o 4  NU= 0 . 5 8 2 4 ~ - 0 4  R-n= 0 . 2 6 9 2 ~  00 R-I= 0 . 2 4 1 7 ~  00 OMEGA- 1570. 
V - A X =  0.4776~ on RF= 0.37R7E 0 6  P R * * l / l =  0.8905E 00 H COEFF= 0.9467012� 00 COEF F*AREA= 0.166780+E-02 
F I  FYFLT= 5 7 .  TYPF=?. SURTYPF=4. NFXT=O. ITFMC RFAn= 9. ARFA COOE=4. SPECIAL AREP=-O. SO-FEET 
TTNCFNTRIC CYL INTFRC 
T-R=iqrn. K-F= O . L O ~ ~ E - O ~c-P= 0 . 7 6 ~ 9 ~on MU= 0 . 2 7 ? 4 ~ - 0 4  NU= o . ~ E ~ ~ E - o +R-O= 0 . 2 7 4 7 ~  00 R - I =  0.2417~ 0 0  OMEGA= 1570. 
V - A X =  0 . 4 7 7 6 ~  no RF= 0.4524E Ob PR**1/3= 0.8908E 00 H COEFF= 0.9497571F 00 COEFF*ARFA= 0.1363408E-01 
FLFMFhT= 5R. TYPF=7. SURTYPF=4. NEXT=O. I T E M S  R F A k  9. AREb COOE=4. SPECIAL ARFA=-0. SQ.FEET 
CnNCFlrT9TC CYL I N C E Q C  
T-R=I?C(I. K-F= 0.1015E-04 C-P= 0.26REE 00 MU= 0.2722F-04 NU= 0.5807E-04 R-O= 0.2742F 00 R - I =  O.2283E 00 OMEGA= 1570. 
V-LX= 0.9321F 00 R F =  0 . 6 2 2 8 ~  06 PR**I/~= 0 . 8 9 0 8 ~  00 H COFFF= 0 . 9 2 7 4 9 7 4 ~  00 COEFF*AREA= 0.1564599E-01 
E L F M F N T =  10. T Y P F = l .  S U R l Y P E = 1 .  N F X l = I .  I T E M S  R F A n =  4. A R F A  COOE=2. S P E C I A L  AREA=-0. S O - F F E T  
L I O I I I C  FILM c n o L i N ~  
T-R= 5 2 s .  w L =  c . i o m F - o i  c-P= 0 . 5 0 3 0 ~  00 L-FLOY= 0.13549~ 00 H C O F F F =  0 . 5 6 8 4 2 5 8 E - 0 2  CClEFF*AREA= 0 . 4 1 9 1 5 8 1 E - 0 4  
FL EMFNT= 30. TYPE=h.  SURTYPE=2.  NEXT=O. I T F M S  P E 4 f l = 1 4 .  4 R E 4  COOE=l .  S P E C I A L  A R F A = - 0 - SO.FFFT 
VbR.TFMP.RAOlA1 CFAL GAP 
1 - R =  9 5 5 .  K - F =  C . 9 0 4 R F - 0 5  C - P =  0 . 2 6 l l F  00 VU= O . 2 4 2 7 E - 0 4  W= 0 . 1 5 7 1 E - 0 3  R-AV= 0 . 2 7 9 6 E  00 GAP= 0.4333E-04 OI�GA= 1570. 
R-n= n . 2 9 9 7 ~  on nrrrc=o. FLAG-I=Z. ANN.NBR.=IO~. FLP.NRR.= 24. MASS FLOW= 0 . 5 9 5 4 F - 0 2  
R F =  0 . 7 8 1 1 E  06 P R * * l f l =  C.Rfl76F 00 RE-C= 0 . 6 7 5 4 E  07 H COEFF= 0 . 3 7 0 6 9 7 6 E  00 C O E F F * A R F A =  0 . 2 7 1 3 2 7 5 E - 0 2  
HT .GEU .FACTOR= 0. I O O O O E  01 
F L E M F & T =  16. TYPF-9.  S U R l Y P E = 3 .  NEXT=O. ITEMS R E A l l =  4. A R E A  COOE=3. S P E C I A L  AREA=-O- S O - F F E T  
I 10111 C F l l  M COOL I Y G  
T-R= 5 7 5 .  u n =  c . I o o o F - o i  c-P= 0.5030~ 00 L-FLOW- 0 . 2 3 3 9 E  00 H COEFF= 0 . 2 1 5 C 4 9 2 E - 0 1  C O E F F * A R E A =  0 . 2 2 4 3 0 7 5 E - 0 3  
F L F M E N T =  41. T Y P E = l .  S l IBTYPE=3.  N F X T = l .  i w u s  @ E m =  4. A R E A  C O ~ E = Z .  SPECIAL AREA=-O. S0.FEET 
L io1110 FILM cnni ING 
T-R= 525. w L =  r.ioonE-01 c - P =  0 . 5 0 3 0 F  00 1-FLOW= 0 . 9 1 R 9 E  00 H COEFF= 0 . 5 4 7 3 9 3 6 E - 0 2  C O E F F * A R E A =  0.4191 7 3 9 E - 0 4  
F L F M F N T s  41. TYPE=?. SURTYPF=3.  NEXT=O. ITFMS RFAO= 4. 4 R E A  COOE=3. S P F C I A X  AQFA=-O- S O - F E E T  
LIOUIC FILM c o n L r ~ G  
1 - B =  5 7 5 .  W/L= C . 1 0 0 0 E - 0 1  C-P= 0 . 5 0 3 0 E  00 1-FLOW= 0 . 2 3 1 9 E  00 H C O E F F =  0 . 2 1 5 0 4 9 2 E - 0 1  C O E F F * A R E A =  0 . 1 9 5 9 2 3 1 E - 0 3  
F L F M F N T =  46. T Y P F = l .  $UBTYP�=3.  NEXT-0. I T F M S  READ= 4. A R F A  CflOEE3. S P E C I A L  ARFA=-0. SO.FEET 
~ i n u r l :FILM C n c L i ~ r .  
T-R= 5 2 5 .  U I L =  C.POODE-OI c-P= 0.5030~ 00 1-FLOW= 0 . 7 4 5 0 E  00 H COEFF= 0 . 4 1 0 6 1 2 2 E - 0 1  C n E F F * A R E A =  0 . 5 0 8 8 2 4 0 E - 0 3  
F L F M F N T =  49. TYPF=3.  SURTYPF=3. N E X T = l .  I T E M S  Q F 4 P =  4. A R E A  COOE=2. S P F C I A L  AREA=-O- SO.FEET 
L ioiirc FILM coo l  ING 
T-R= 5 7 5 .  W / L =  C . I ~ ~ D E - O ~  c-P= 0 .5030~  00 L-FLCW= 0 . 9 6 0 8 E  00 H COEFF= n.7852831~-02 COEFF*AREA= 0 . 9 4 3 1 2 8 6 E - 0 4  
F L F M F N T =  49. TYPF=3.  S U B T Y P F = l .  N F X T - 0 .  I T F M S  RFAfl= 4. AREA COO�=?. S P E C I A L  ARFA=-0. S O - F E E T  
L I O l l l C  F I L M  C O N  ING 
T-R= 5 2 5 .  YIL= c . z n n n E - 0 1  c-p= 0 .5030~  00 L - F L n u =  0 . 2 4 5 0 ~  or H C O F F F =  0 . 4 1 0 6 1 2 2 E - 0 1  C O E F F * A R E A =  0 . 5 2 0 2 9 0 5 E - 0 3  
F L F M F N T =  50. TYPE=P. S U 0 T Y P F = 3 .  NEXT=O. I T F ' I S  RFAO= 4. A R E A  COOF=2. S P E C I A L  ARE4-0.  S O - F E E T  
L I O I I I C  F I L M  C O O L I N G  
1 - R =  5 7 5 .  Y / L =  C.15DOF-01 C - P =  0.5030F 00 L - F L n W =  0 . 9 6 0 8 F  00 H COEFF= n . 7 8 5 2 ~ 3 1 ~ - 0 2  C D F F F * A R E A =  0 . 9 4 3 1 2 8 6 E - 0 4  
F L F M F N T - 51.  TYPF=?. S U R T Y P F r 3 .  N F X T - I .  I T F M S  READ= 4. A R F A  COOF-1. S P E C I A L  AREA=-O. SQ.Ff E T  
L IOIC FILM c n o L  ING 
1 - R =  5 7 5 .  W / L =  C.50OOF-02 C-P= 0 . 5 0 3 0 E  00 L-FLOU= 0 . 7 4 5 0 E  00 H COEFF= 0 . 1 0 2 6 5 3 1 F - 0 1  C f l E F F * A P E A =  0 . 1 3 0 0 7 2 6 E - 0 3  
F L F M F Y T =  5 1 .  TYPE=?.  S U f l T Y P F = 3 .  N�XT=O. I T E C S  RFAO= 4. A R E A  COOE=2. S P E C I A L  ARFA=-O. S O - F E F T  
1 I O l l l C  F I L M  C O n L l N G  
T-R= 5 2 5 .  U I L =  C.I~O~E-OI c - p =  0 . 5 0 3 0 ~  on L - F i n w =  n . 9 6 n 8 ~  no H COFFF= n . 7 ~ 5 2 8 3 1 ~ - 0 2  C I l E F F * A R E A =  0.9431 2 8 6 E - 0 4  
F L F M F N T =  44. T Y P F = l .  SUBTYPE=3.  NEXT=O. I T F U S  R F 4 0 =  4. A R E A  C O O E = l .  S P F C I A L  ARE4=-'O. S O - F F F T  
L l O l l l r  F I L M  C O O L I N G  
1 - R =  575. U / L =  0 . 5 0 0 3 F - 0 2  C - P - 0.5030E 00 L-FLOW= n . 7 4 5 o F  00 H C n E F F =  0 . 1 0 2 6 5 3 1 E - 0 1  C O F F F * A R F A =  0 . 1 2 7 2 0 6 O E - 0 3  
F L F M F N T =  45. T Y P F = ? .  S U R T Y P F r S .  N E X T - 0 .  I T F H S  R F 4 0 =  4. A R F A  CODE=2. S P E C I A L  AQFA=-0.  S0.FEFT 
I i a i i i r  FILM C O O L  ING 
T-R= 5 2 5 .  YIL= c . 7 n o o F - o i  c - P =  0 .5030~  00 L - F L n U =  0 . 9 1 f l 9 F  00 H C O F F F =  0 . 1 0 9 4 7 8 7 E - 0 1  C O E F F * A R E A =  0 . 1 2 5 7 5 2 2 E - 0 3  
F L F M F N T =  R 1 .  T Y P F = l .  SUATYPF=3.  NEXT=O. I T F M S  R E A D =  4. A R E A  C n 3 E = 3 .  S P E C I A L  AREA=-0. S O - F E F T  
LIO~II~ FILM cnni ING 
~ - 0 =5 2 5 .  UIL= C . L S O ~ F - O ~  c-P= o . 5 0 3 0 ~  00 L-FLOW= 0 . 2 7 h l E  00 H C O F F F =  0 . 1 1 9 5 6 0 O E - 0 1  C O F F F * A R E A =  0 . 3 9 6 0 0 3 4 E - 0 3  
F I  FMFNT= fl3. T Y P F = l .  SUETYPE=?. NEXT=O. I T F M S  READ= 4. 4 R E A  C O 0 � = 3 .  S P F C I A L  AREA=-0.  S O - F E E T  
LIOIIIC FILM cnni ING 
1 - R =  5 i 5 .  U / L =  0 . 1 5 n O F - 0 1  C - P =  0.503OC 00 1-FLOW= O . 2 3 6 1 E  00 H C n E F F =  0 . 3 1 9 5 6 8 0 E - 0 1  COEFF*AREA= 0 . 4 5 6 1 7 0 9 E - 0 3  
FLF' IFNT= 85. TYPF=S. SURTYPF=?. N F X l = O .  I T F P S  READ= 4. A R F A  COOE=3. S P E C I A L  A R F A = - 0 - $ 0 - F E E T  
I l O l l l C  F I L M  C O O L I N G  
T-R= 5 7 5 .  U / L =  0.15OOF-01 C-P= 0 . 5 0 3 0 F  00 L-FLOW= n.2361E 00 H C O E F F =  0 . 3 1 q 5 6 8 0 E - 0 1  C n E F F *  AREA= 0 . 4 6 7 4 6 5 3 E  -03 
F L F M E N T =  R 7 .  TYPE=?. SURTYPF=7.  N E X T = l .  I T F M S  RFA0;- 4. A R E A  COOE=2. S P E C I A L  4RFA=-O- SO .F E F T  
L ioi irr  FII c n n l i ~ ~  
T-R= 575. WIL= O.ISOOE-OI c-P= 0.5030~ on L-FLOW= 0 . 1 0 1 0 E  01  H C O E F F =  0 . 7 4 6 6 6 0 1 E - 0 2  C O E F F * A R E A =  0 . 8 8 0 2 8 9 7 E - 0 4  
F L F M F N T =  R7. TYPF=?.  SUBTYPE=?. NEXT=O. I T E M S  R E A D =  4. A Q F A  CODE-3. S P E C I A L  AQEA=-0. SQ.FEET 
I10111 r FILY c o w  146 
T-R= 5 2 5 .  YIL= O.ISOOE-O~ c-P= 0 .5030~  on 1-FLOW= 0 . 2 6 3 1 E  00 H C n E F F =  0 . 2 8 6 7 7 3 L E - 0 1  C n F F F * A R E  A= 0.42962 8 2 E - 0 3  
F L F M F N T =  RE. TYPF=1.  SUflTYPF=3. N E X T = I .  I T E M S  REAn= 4. A R E A  C O O F = l .  S P E C I A L  AREA-0. S Q - F E E T  
1 I O U I C  FIL'I CnOL lNG 
1 - R =  575. WfL= C.25OOF-01 C-P- 0 . 5 0 3 0 F  00 L-FLOU= O.2669E 00 H C n F F F =  0 . 4 7 1 1 5 0 2 F - 0 1  C O E F F * A R f  A= 0 . 7 0 5 8 5 2 3 E - 0 3  
F L F M F N T =  R R .  TYPF=?.  SURTYPF=?. NEXT=O. l T F M 3  R F b n =  4. A R E b  COOE=2. S P F C I A L  AREA=-O- S O - F F F T  
87 
I 11111111 I II II Ill Il I l l  11l1l111111Il I I I 
I 1ct i i r  FILM cnn i  I N G  
T-R= 5 7 5 .  W / I =  0 . 1 5 0 1 F - 0 1  C-P= 0 . 5 0 3 O F  00 L-FLOW= 0.101OF 0 1  H C O E F F =  0 - 7 4 6 6 6 0 1 E - 0 2  COEFF*AREA= 0.81741 L I E - 0 4  
FI.FMFET= 5 6 .  TYPF=?.  SUPTYPF=1.  NEXT=O. I T E M S  R E A D =  4. A R E A  CDDE=I .  S P F C I A L  AREA=-0. S O - F E E T  
L I O I I I C  F I L M  LING 
T-R= 575. W / 1 =  0 . 7 5 0 0 E - 0 1  C-P= C.5030E 00 L-FLOW= 0 . 2 6 h 9 F  00 H COEFF- 0 . 4 7 1 1 5 0 2 E - 0 1  C O E F F * A R E A =  0 . 6 8 9 2 0 0 5 E - 0 3  
F L F M F N T =  54.  T Y P F = ? .  SUBTYPF=3.  NFXT=O. I T E M F  R E A D =  4. A R E A  COI)E=L. S P E C I A L  ARFA=-0. SO-FEET 
I i w i r  EII M cnni  ING 
T-R= 5 7 5 .  W / L =  0 . 7 5 0 0 E - 0 1  C-P= 0 . 5 0 3 f l E  00 L-FLOU= 0 . 7 6 6 9 F  03 H COEFF= 0 . 4 7 1 1 5 0 Z E - 0 1  C D E F F * A R E A =  0 . 6 7 2 5 4 8 6 E - 0 3  
F L F M F N T =  R7. T Y P F = 3 .  SIJ'ITYPE=3. NEXT=O. I T E M S  R F A l l =  4. A R E A  C O O F = I .  S P E C I A L  AREA=-0. SO. F E E T  
I i o i i i r  FII.M c n n L  ING 
T-R.: 5 2 5 .  WIL= n . 7 5 0 n ~ - o 1  c - P =  n.so3oE on L-FLOU= n . 7 6 6 9 ~  00  H COEFF= 0 . 4 7 1 1 5 0 2 E - 0 1  COEFF+AREA= 0 . 5 8 3 8 4 1 7 E - 0 3  
F L F M F N T =  7 7 .  TYPF='. SURTYPF=3.  NFXT=O. I T E M S  READ= 4. A R E A  C O f l E = I .  S P E C I A L  ARFA=-0. S O - F E F T  
L I O I I I C  ~ 1 1 . 4  cnni ING 
T-R= 5 2 5 .  w / ~ =  C.~'~OOE-OI C-P= 0.50iof 00 L-FLOW= n . 2 h 6 9 r  n o  H COEFF= 0 - 4 7 1  150?�-0 1 C O E F F * A R E A =  0 . 4 2 9 2 4 7 0 E - 0 3  
FI FMFNT= 7 2 .  T Y P F = 9 .  SURTYPF=9,  NEXT=O. I T F E l S  RFAO= 4. A R E b  C O O � = I .  S P E C I A L  ARFA=-0. SP.FEET 
Ii a i i r r  FILM c n n i  IYG 
T - A =  5 7 5 .  W/L= C . 7 5 0 0 F - 0 1  C - P =  0 . 5 0 3 O F  00 L-FLOW= O.76A9F 00 H C O F F F =  0 . 4 7 1 1 5 0 7 F - 0 1  C O E F F * A R E A =  0 . 4 5 2 5 8 0 1 E - 0 3  
F I  F H F N T =  6 5 .  TYPF=?.  SIJRTYPE=1. NFXT=O. I T F Y S  R F b O =  4. A R E A  CcIOF=?. S P F C I A L  AREA=-O. S O - F F F T  
LIOOIC FII.M t n o i  w c  
T-R= 5i5. W/L= C - I Z O F F - 0 1  C-P= 0.507Of 00 L-FLOW= O.RR49E 00 H COEFF= 0-6871110E-07 COEFF*AREA= 0 . 1 0 0 5 9 7 9 E - 0 3  
F I  F Y F N T =  6 6 .  T Y P F = 3 .  S U R l Y P F = 3 .  NEXT=O. I T F M S  R F A W  4. A R E A  CODE=7. S P E C I A L  AREA=-0.  C Q - F E E T  
I in i i i r  FILY cnoi IFIG 
T - R =  5 7 5 .  M I L =  0 . 1 1 0 0 F - 0 1  C-P= 0 . 5 0 3 0 F  00 L-FLflW= 0 . 8 8 4 9 E  00 H C O F F F =  0 . 6 2 5 2 6 8 4 E - 0 2  C O F F F * A R E A =  0 . 1 0 1 4 3 6 3 E - 0 3  
F L F M F W T =  h7. T Y P F = l .  SURTYPF.3. NFXT=f l .  I T F M S  OFAD= 4. A R E A  CDOE=2. S P F C I A L  ARFA=-0. S P . F F F T  
I I O I I I C  F I L M  COOLINT,  
1 - R =  5 7 5 .  W/L= 0 . 1 2 l l O F - 0 1  C-D= 0 . 5 0 1 0 F  00 L-FLOlr= n.fl849F 00 H COEFF= 0 . 6 8 2 1 l l O F - 0 7  COEFF*AREA= 0 . 1 2 5 7 4 7 4 E - 0 3  
F I  F M f " T =  71. T Y P F = 3 .  SURTYPE=3.  NEXT=O. TTFMS R � A O =  4. A R E A  COOE=3. S P E C I A L  AREA=-0. SO.FEFT 
I i o i i i r  F i L q  C n o L i N G  
T-R= 5 2 5 .  w / i =  O . I ~ O ~ ~ F - O I  c-P= 0.5030r on L - F L n w =  n . 7 2 9 ~ ~33 H C O E F F =  0 . 2 1 R 8 8 6 0 F - 0 1  C D F F F * A R F A =  0 . 1 4 5 4 0 9 4 E - 0 1  
F L F M F N T =  7 5 .  TYUF=3.  SIJBTYPF=3.  N E X T = 1 .  I T F M S  Q F 1 0 =  4. A R E A  COOE=2- S P E C I A L  AREA=-0. S O - F E E T  
I IOIII r FII M COOL INC, 
1 - R =  5 7 5 .  W / I . =  0 . 1 5 0 0 F - 0 1  C-P= P . 5 0 3 O F  00 L-FLEW= 0 . 9 0 R 4 E  00 H COEFF= 0 . 8 3 0 5 8 1 7 E - 0 2  C O E F F * A R E A =  0 . 1 2 5 7 5 6 1 E - 0 3  
F L F M F N T =  7R. T Y P E = 3 .  SURTYPE=3.  NEXT=O. I T E M S  R f A O =  4- A R E A  COOE=3. S P E C I A L  AREA=-D. SO-FEET 
L i o u i r  FILM COOLING 
1 - R =  5 2 5 .  W/L= 0 . 1 0 0 0 E - 0 1  C-U= 0 . 5 0 3 0 E  00 L - F L O W  0 . 2 7 9 R E  00 H COEFF= 0 . 2 1 R R @ 6 0 E - 0 1  C O E F F * A R E A =  0 . 1 3 1 7 9 9 7 E - 0 3  
f L F M F E T =  79. TYPE=?.  SUBTYPE=!. NFXT=O. I T E M S  QFhO= 4. A R E A  COOE=7. S P E C I A L  AREA=-0. S O - F E E T  
I i n i i r r  FII H COOLING 
T-R= 5 2 5 .  h i i  = ~ . I ~ ~ ? F - o I  C-D= c . 5 o i n ~  on L-FLCW= 0 . 9 0 8 4 ~  00 H Cr)EFF= O . f l 3 0 5 R I Z F - 0 2  C O E F F * A R E A =  0 . 1 2 5 7 5 6 1 E - 0 3  
FI .FMFNT= 80.  T Y P F = 3 .  SUBTYPE=3.  NEXT=1.  I T E M S  R F A n =  4. A R E A  C O D E = l .  S P E C I A L  AREA=-0. S O - F E E T  
I TCIIIC FII M C n n L m G  
T - R =  5 7 5 .  MIL= C.ISO~F-OI c - P =  0 .5030~  on L-FLOW= 0 . 2 3 2 5 ~  00 H C O F F F =  0 . 3 2 4 5 1 6 1 F - 0 1  C O E F F * A R E A =  0 . 1 9 5 4 0 3 7 E - 0 3  
F I  �MFNT= 80.  T Y P F = l .  S U R T Y P E s 3 .  NFXT=O. I T E M S  READ- 4. A R E A  Cf lOF=2.  S P E C I A L  AREA=-0. SQ.FEET 
I I O I I T C  FII q coot I N G  
T-R= 5 2 5 .  W / 1 =  C . 1 5 0 0 F - 0 1  C-P= 0 . 5 0 3 0 F  00 L-FLCW= 0 . 9 0 8 4 F  00 H COEFF= 0 . 8 3 0 5 8 1 2 E - 0 2  C O E F F * A R E A =  0.1006049E-03 
F I  FMFNT= 7 5 .  T Y P F = I .  SURTYPE=3.  N�XT=O. I T F P S  RFAO= 4. A R E A  COOE=I.  S P E C I A L  AREA=-0. S O - F E E T  
I i o i i i r  FII M c n o L  IYG 
1 - R =  5 2 5 .  Y / L =  C.15f lOF-01 C - P =  0.50POE 00 L-FLciM= 0 . 2 3 2 5 F  00 H COEF F =  0.3 245 161E-0 1 COEFF+ARE A =  0.2 15581 2 E - 0 3  
F l F M F N T =  70. T Y P F r l .  S U E T Y P F = l .  NCXT=O. I T E M S  ?EAO= 4- &REA COOE=I.  S P E C I A L  AREA=-0. S O - F E  ET 
I r a u r r  FII r( cnni IVG 
1 - R =  5 7 5 .  W / L =  C.15OQF-01 C-P= 0 . 5 0 3 0 6  00 L-FLOW= 0 . 7 3 7 5 F  00 H C O F F F =  0 . 3 2 4 5 1 6 1 F - 0 1  C O E F F * A R E A =  0 . 2 3 7 5 2 8 7 E - 0 3  
F L F M F N T s  6 7 .  T Y P F = 7 .  SURTYPF=3.  NEXT=L.  I T F M S  R F A W  4 - A R E A  C O O E = I .  S D F C I A L  AREA=-0. S Q - F E E T  
I i o i i i r  FILM cnnt I V G  
T - R =  525. NIL= O.I~OF-OL c - P =  0 . 5 0 3 0 ~  00 L-FLOW= n . 7 3 7 5 f  00 H C O F F F =  0 . 3 2 4 5 1 6 1 E - 0 1  C O E F F * A R E A =  0 . 1 8 7 4 7 4 2 E - 0 3  
FI.FMFNT= 6 7 .  T Y P F = ? .  S U B T Y P E = l .  NEXT=O. I T E M S  P f A l l =  4. AREA COOE=4. S P E r l A L  b R E A = - 0 .  SQ.FEET 
I r w i l r  FII q rnn i  IN< 
T - R =  5 7 5 .  N I L =  0 . 1 0 0 3 F - 0 1  C-P= 0 . 5 0 3 O F  00 L-FLf lW= n . 8 6 1 3 F  00 H COEFF= 0 . 5 8 4 0 C 0 9 E - 0 2  C O E F F * A R E I =  0 . 6 7 W I Z Z E - 0 4  
FI FMFNT= 61.  T Y P F = > .  SI IRTYPF=?.  NEXT=O. I T F M S  RFAO- 4. A R E A  COOF=4. S P E C I A L  AREA=-0. SO-FEFT 
i I O I I I T  FII M cnai  IYG 
T - R =  5 7 5 .  MIL= ~ . 5 n o r ) ~ - n 7  c-P= 0 . 5 0 3 0 ~  on L-FLOW= n.8613~ on H COFFF= O . ~ ~ ~ D O O S E - O ~COEFF*AREA- 0.4191764~-04 
FI F H F N T =  1 1 .  T Y P F = 6 .  S U E T Y P E = I .  NFXT=O. I T E M S  R E A O = l 2 .  AREA COOE=5. S P E C I A L  AREA= 0 . 1 6 1 1 5 E - 0 2  SO-FEET 
T - B = l O t Z -  
R-n= fl.2997E 00 FLAG-C=O. FLAG-I=Z. ANN.NBR.= 1. FLO.NRR.= 0. MASS FLOW= 0.7382E-O? 
RF= 0.730EF 07 PR**1/3= 0 .8878F  00 RE-C= 0 - 6 7 5 4 E  07 H COEFF= 0 .3748462E 00 COEFF*AREA= 0.3002915E-02 
HT .6W .FACTOR= 0. IOOCOF 01 
VAR.1E'IP.JULT FLUW, L l J U l J  
T-B=1255. K - F - O.1035t-04 :-P= 0.2088E 00 MU= J . 2 7 2 l E - 3 4  MASS FLOd= 0 .5685E 01 0-HYOR= 0 .3333E-02  L-'LOW= 0 .7335E-02  
ANN.NBII.= 0. FLJW NBH= 12 .  FLAG-C=U. FLA;- l= l .  X-SCC= 3 - 3 1 4 2 E - 3 3  
RE= 0 .bY6bE 03 P 3 =  0.7Uo9E OJ H CUEFF= 0.22 8 0 9 b 3 E - 0 1  COE FF*AR EA= 0 . 3 6 7 5 7 7 2 E - 0 4  
EL tMEYT= 17. TY?E=b. SUflTYPE=L. NEXT=U. I r E H j  RFAU= l2 .  AKEA C30E=5. SPECIAL  A?EA= 0.16115:-02 S1.FEET 
VAK.TEYP.JIICT FLUU, L l J U l O  
T-8=1240. 6 - F =  J . l O 2 8 t - 0 4  3 - P =  0 .268Gt  00 Mi l= 5 .2705E-34  MASS F L 3 d =  0 .5685E 01 D-HYOS= 0 .3333E-02  L-'LOW= 3 .1133E-01  
ANV.NBi(.= 0. F - J U  UdK= 11. FLAu-C=O. FLAG-1'1. X - j E C =  0 . 3 1 4 2 E - J 3  
KE= 0.700bE 03 P A =  O.7Ob4E 00 H COcFF= 0 .1982752E-01  CUEFF*AREA= 0 . 3 1 9 5 2 0 5 E - 0 4  
EL tHEYT= l b .  TYPE=6. SUBTYPE=l.  NEXT=O. I T E M S  KEAO-12. AREA C30E.5. SPECIAL  AREA= 0 . 2 3 5 6 2 E - 0 2  S?.FEET 
VAK-TENP.0UCT FLOW. L I J U I O  
T-8=1210. K - F =  0 .1019E-04  C-P= U.2679E 00 MU= 3 .2685E-04  MASS FLOW= 0 .5b85E 01  0-HYDR= 0.3333E-02 L-FLOW= O . l b 4 3 E - 3 1  
ANN.NBI.= 0. F L J H  NdK= 17. "LA;-C=O. FLAG-1.1. X-SEC= 0 .3142E-03  
R E =  C.7057E 03 P A =  0.7059E 00 H CUEFF= 0 . 1 7 5 5 9 4 b E - 0 1  COEFF*AREA= 0 . 4 1 b U 9 2 3 E - 0 4  
ELEMEYT= 15. IY?E=6 .  SUBTYPE=l. NEXT=O. ITEMS REAO=l2 .  AREA C30E=5. SPECIAL AREA= 0 .15087E-02  SO.FEET 
VAR.TE.IP.JUCT FLOW. L1C)UIU 
T-8=11*0. K-F= U. lO0JE-04 C - P =  O.Zb73E 00 MU= 3 . 2 b b l E - 3 4  MASS F L J d =  0.5685E 01 0-HYOR= 0 .3333E-02  L-:LOW= 0 .2133E-31  
ANN-NB%.= 0. FLOW N B K =  16. FLAG-C=O. F L A G - I = l .  X-SEC. 0 .3142E-03  
RE= 0.7121E 03 ? % =  0 . 7 0 5 3 i  00 H COEFF= 0 . 1 5 1 4 3 1 3 E - 0 1  CUEFF*AkEA= 0 . 2 4 3 5 0 5 7 E - 0 4  
ELEMEYT= 20. TYPE=b. SL)I)TYPE=l. NEXT-0. I I E M S  REAO=12. 4REA ClnF='.. C D C C l l L  ARFA= 0 .15087E-02  SQ.FZET 
VAR.TEMP.DUCT FLOU. L I Q U I D  
T - B = l l o 5 .  K -F=  0 .1009 f -04  Z - P =  O.2673E 00 MU= 3 .2661E-04  MASS FLOW- 0 .5b85E 01 D-HVOR= 0 .3333E-02  L-FLOW= 3 .2497E-01  
ANN.NB%.= 0. F L ~ HN a K =  15. 'LAG-C=O. FLAG-1.1. X - jEC= 3 .3142E-03  
RE= 0.7121E 03 P 3 =  0 . 7 0 5 3 t  00 H COEFF= 3 . 1 5 2 r 1 5 5 E - 0 1  COEFFQAREA= 0 . 2 2 9 9 4 9 2 E - 0 4  
ELEMEYT= 19. TYPE=6. SUBTYPE=l.  NtXT=O. l T E N j  K E A O = l 2 .  AREA C30E=5 .  SPECIAL  AREA= O.15708E-02  SO-FEET 
VAK.TeYP.OUCT FLJU.  L I 4 U I U  
T -8=1150 .  K-F= 0 . 1 0 0 o E - 0 4  :-P= O . Z b 7 l E  JO MU= 3 .2655E-04  MASS FL3W= 0 .5685E 01  O-HYOR= 0 .3333E-02  L - F L O W  0 - 2 3 4 3 E - 3 1  
ANN.NBII.= 0. F L 3 U  NJR= 20 .  FLAG-C=O. F L A G - l = l .  X-SEC= 3 .3142E-53  
RE= 0.7137E 03 ? a =  0.7051E 00 H CUEFF= 0 . 1 4 5 5 3 8 8 E - 0 1  COEFF*AR EA= 0 . 2 2 R 7 2 2 3 E - 0 4  
FLFMFNT= 7. TYPE=6. SUETYPE=Z. NEXT=O. I TFMZ RFAD=14. AREb COOE=?. SPECIAL  AREA=-()- SO-FEET 
VAR.1 FMP . Q A C 1  AL CFAL GAP 

T - R =  915. K-F=  C.9379F-05 C-P= C.Zb2BF 00 MU= 0.744RE-04 NU= 0.4696E-04 R-AV= 0 . 2 6 0 4 E  O C  6 4 P =  0 .4333E-04  OMEGA= 1570 .  

R-n= 0.7992F 0 0  FLAG-C=O. FLAG- I=Z .  ANN.NBP.= 96. FLO.NBR.= 1. MASS FLOW= 0 - 2 3 8 Z F - 0 2  

RF= 0 .7767F  0 7  PR+*1 /3=  C.8883E 00 RE-C= 0 .6754F  07 H COEFF= 0 . 3 8 2 4 8 7 7 E  00 COEFF*AREA= 0 .3650757E-02  

HT.GEN.FACTOR= 0.lPOOOE 01 

E l  FHFNT- 13.  T I P F = 6 .  SUBTYPE=7. NFXT=O. I T F P S  REbD=14. AREA COOE=5. SPECIAL  AREA= 0 .16805E-01  SO-FEFT 

RE= 0.22P4F 0 7  PR**1/3= C.BeR5F 00 RE-C= 0 .2278E Ob 

HT.FFN.FACTOR= n . 1 9 7 1 5 ~  01 

F I  FMFNT= 74. TYPF=6. SURTYPE=Z. NEXT=O. I T F M S  P E A I k 1 4 .  AREA COOE=5. t P E C l A L  ARFA= 0 .14366E-01  SO-FEE l  

VAR.TFMP.RAO1AL CEAL GAP 

T-R=IOC5. K-F= 0 .9170E-05  C-P= C.2618F 00 MU= 0.2451E-04 NU= 0.2928E-04 R-AV= 0 .2744E 00 GAP= O.IO78E-02 OMFGA= 1 5 7 0 .  

R-ll= Q.2957F  00 FLAG-C=O. FLAt.- I=2. ANN.NBR.=lOZ. FLC.NBR.=lOO. MASS FLOW= 0 .5954E-02  

RF= 0 .4017F  0 7  P R * * l / 3 =  0.8879E 00 RF-C= 0.19OOF 06 H COFFF= 0 .4274941E 00 CnEFF+AREA= 0. b 1 4 1 5 0 9 F - 0 7  

HT.GFN . F ~ C T ~ R =0 . 1 ~ 5 1 7 ~01 

FLFMENT= 97 .  TYPF=C.. SURTYPE=C. NfXT=O. I T E M S  READ= 2. AREA COOE=l. SPEC I A 1  AREA=-0 - SO .FEF 1 
Z P F C I F I F O  C O F F F I C I F N T  
T -R=1300 .  V CnFFF= C .1380662E-02  COFFFQARFA= n . z 3 2 7 0 5 6 ~ - 0 4  
FLFMFNT=110. TYPF-5. SUBTYPE=O. NEXT=l.  l T E M S  REbD= 7. bREA COOE=2.  SPECIAL  AREA=-O- SO-FEET 
C P F C l  F l F n  C O F F F I C I F N T  
T-R= 5 7 5 .  H COEFF= r .37331OOF-04 COEFF*APEA= 0 .4678121E-06  
F I  FMFNT=I IO .  TYPE=6. SURTYPE=2. NEXT=O. ITEMS REAO=14. AREA COOE=l- SPEC I AL AREA=-0. SQ-FEFT 
V4R-TFMP.RAnlAl  qFAL GAP 

T-R= 900. K - F =  C.f l707E-05 C-P= 0.2590E 00 MU= 0 .2345F-04  NU= 0 .8278E-03  R-AV= 0.2958F 00 GAP= O.8375E-02 O M G k  1570-

R - 0 =  0 .2997E 00  FLPG-C=O. FCAG-I=Z. ANN.NBR.= 0. FLO.N8R.=l08. MPSS FLOW= 0 - 5 9 5 4 E - 0 2  

RF= 0.1659F Ob PP**1/3= C.8R69E 00 RE-C= 0.1947F 0 5  H COEFF- 0 . 2 1 0 6 1 4 3 E - 0 1  COEFF*AREA= 0.260989RE-03 

HT .GFN .FACTOR= O.lh334E 01 

�1 FMFNT= 9 4 .  TYPF=6. SUBTYPE=?. NEXl=O. I T E U S  REAO=14. AREA COOE=l. SPEC141  bREA=-O- SO-FEET 

VPR -1FM.TFMP.RAnlbL SFAL GAP 





ELFHFNT= 96. TYPF=C. StJBTYPE=2. NEXT=O. I T E M  R � A O = 1 4 .  AREA COOE=l. SPECIAL  AREA=-O- SO-FEET 
VAR.TFMP.QAClAl CFAL GAP 
T-R= 915. K - F =  0.R979E-05 C-P= 0.2604E 00 MU= 0.2396E-04 Nu= 0 . 4 Z b l F - 0 4  R-AV= 0.2604E 00 GAP= 0.4333E-04 O w G I =  1570-
R- I l=  0 .2992F  O n  FLAG-C=O. FLAG- I=2 .  ANN.NBR.= 7. FLO.NRR.= 94. MASS FLOW= 0 - 2 3 8 2 E - 0 2  

R E =  0 . 7 4 9 ~ ~07 PR**I/~= n . e e 7 4 ~  00 RE-C= 0.6754E 07 H COEFF= 0 . 3 6 5 7 2 3 6 E  00 COEFF*AREA= 0 .3490747E-02  

HT.GFN.FACTOR= 0.IOCCCE 01 

FLFMENT= 9 8 .  TYPE-6. SUBTYPE=Z. NEXT=O. I T E M S  REAO=14. ARFA COOE=l. SPECIAL  AREA=-O- SO-FEET 
89 

VAR.TEMP.RATlAL CFAI. GAP 

T-R= 945. K-F= O.SR47F-05 C-P= 0.2599F 00 PI+ 0.2377F-04 NU= 0 .4245F-04 R-AV= 0.2663E O@ GAP= 0.43338-04 OMEGA= 1570. 

R-n= 0.7992E 00 Fl AG-C=O. FLAG-I=2. ANN.NBR.= 13. F I  O.NRR.= 9 6 .  MASS FLOW= 0.2382E-02 

RF= n.2671F 0 7  P R * * l / 3 =  0.8P72f 00 RE-C= 0 - 6 7 5 4 F  0 7  H COEFF= 0.3623054E 00 COEFF*AREA= 0.3535583E-02 

HT.CFN.FACTnR= 0.1OOCCF 01 

ELFHFNT=100. TYPF=C. SUflTYPE=Z. NEXT=O. I T E P S  REAW14. AREA COOE=I. SPECIAL AREA=-O. SO-FEET 

VAR.TFMP.QAOlAL SFAL GAP 

T - ~ = l o E n .  K-F= C.9090F-05 C-P= 0.2614F 00 MU= 0.2433E-04 NU= 0.4552F-04 R-AV= 0.2713E 00 GAP= 0.4ZCBE-02 OIEGA= 1570. 

R-0- O .?qq?F 00 FLAG-C=l. FLAG-I=O. ANN.NBR.= 0. FLO.NRR.= 98. MASS FLOW= 0-5954E-07 

RF- 0.2539F 0 7  P P * * I l 3 =  0.8877F 00 RE-C= 0.4183E 0 5  H COEFF= 0.2351904E 00  COEFF*AREA= 0.1670160E-02 

HT.GFN.FACTnR= O.1PPhtE 01 

COP8INFO FLnW ELEUENT. COkOUCTlf lN NO.= 100 FLOW FPCP CCN0.ELEMENTS 98ANO 19 

F I  FHFNT=I02. TYPF=b. SURTYPF=?. NEXT=O. I T E M 5  LEbD=14. AREA COOF=I. SPECIAL AREA=-0. SO.FEET 

VAP.TFMP.RAFIAL <FA1 GAP 

T - R = I O C 5 .  K-F= 0.9951E-05 C-P= 0.26C7F 00 PL= 0.7408F-04 NU= 0 .5563E-04 R-AV= 0.2754E 00 GAP= 0.4333E-04 O E G A =  1570. 

0 0R-n= n ~ 9 9 7 ~  FI AC-C=O. FLAG-I-Z. ANN.NRR.= 24. FL@.NBR.=IOO. M A S S  FLOW= 0.5954E-02 

RF= n . 7 1 4 1 ~  n 7  PR*+I/~= o . e e 7 5 ~  00 RE-C= 13.6754~ 0 7  H COEFF= O. lh79046E 00 COEFF*AREA= 0.2652736E-02 

HT.FFN.FPCTOR= 0 . 1 n n c o ~  C I  

FLFMFNT=104. TVPF=6. SUBTYPF=2. NEXT=O. ITFMS REAO=l4. AREA CODE=I. SPECIAL ARFA=-O. S O - F E f T  

VAR.TFHP.QA0lAL CFAI. GAP 

T-R= 4 5 5 .  ~ - r -o.*n<ZF-CS C-P= 0.2599F 00 VU= 0 - 7 3 7 8 F - 0 4  NU= 0 - 1 4 9 7 E - 0 3  R-AVI  0.2T96F 00 GAP= 0.4333E-04 OM�GA= 1570. 

u-0- r r - r r r 7 F  00  FLAG-C=O. FLAG-I=2. ANN.NRR.= 30. FL@.NBR.=I02. MASS F L W =  0.5954F-02 

R F =  0.P197F 0 6  PR**1 /3= O.8R72F 00 RE-C= O.6754E 0 7  H COEFF= 0.3675071F 00 COEFF*AR�A= 0.2653361E-02 

HT .CFN .FACTOR= 0. I O D O O E  01 

FLFMFNT=106. TYPF=O. SURTYPF=I. NFXT=O. I T F P S  RF40=14. AREA COOE=I. SPECIAL AREA=-0. SO.FEET 

VAP.TFMP.RA0lAL SEAL GAP 

T-R= 9'5. K-F= 0.R799F-05 C-P= 0.2596F 00 FU= 0.23b6F-04 NU= 0.8472E-03 9-AV= 0.2846E 00  GAP- 0.42C8E-02 OM�GA= 1570. 

R-n= 0.2992F 00  FLAG-C=O. FLAG-I=2. ANN.NRR.= 0. FLO.NRR.=104. MASS FLOW= 0.5954F-02 

OF= 0 .150 lF  0 6  PR+*1/3= 0.P871F 00 RF-C= 0 . 4 1 8 3 F  05 H COEFF= 0 .2275467E-01 COEFF*AREA= 0.2373432E-03 

HT.GFN.FACTOR= 0 . 1 7 4 2 0 E  01 

FL FHFhlT=IO8. TYPF=6. SURTYPF=?. NEXl=O. I T F P S  R F A W 1 4 .  AREA COOE=I. SPECIAL ARFA=-0. SO-FEET 

VAR.TFMP.RAD1AL :FA1 GAP 

T-R= 9 1 5 .  K-F= c . 8 7 4 6 ~ - 0 5  c - P =  c . 2 5 9 3 ~  on MI^= n . 2 3 % ~ - 0 4  NU= 0 . 8 3 6 0 ~ - 0 3  R-AV= 0 . 2 9 0 0 ~  00 GAP= O.~ZOBE-OZ OMEGA- 1570. 

R-n= 0 .2997F 00 FLAG-C=O. FL4G- I=2 .  ANN.NRR.= 0. FLO.N8R.=IO6. MASS FLOW= 0.5954F-02 

PF= 0.1579F 06 PR**1/3= O.E@7OF 00 RF-C= 0 .4183F 05 H COEFF= 0 .2318910E-01 COEFF*AREA= 0.2112670E-03 

HT.FEN .FACTOF= 0. I h R R 2 E  01 

ROUNnARY COEFFICIENT MATRIX -IH*AIRTU/F.SEC AN0 IH*A*T-Rl  OR Y*C-P BTUlSEC 
ENnLY CONC. FIXFO FLlJX FnRCFO CONVECTlnN FREE conIVECTION RAOIATION VAR. 1EMP.CONVECTION 
FIFM. FLFM. W H*A H*A*T-8 H*A H+A*T-8 H*A H*A*T-E H*A Y*C-P 
1 1 0. 0.64163F-02 0 .83412E 01 0. n. 0. 0 .  0.31736F-02 0.63061E-03 
2 2 0. 0.63939F-02 0 .83120F 01 0.  0. 0. 0. 0. 0. 
3 3 0 .  0.95624F-02 0. 0. 0. 0. 0. 0. 
4 4 0. 0.94657F-02 0. 0 .  0. 0. 0. 0. 
5 5 0. 0.93729F-02 0.  0 .  0. 0 .  0. 0. 
6 6 0. O. lh735F-01 0.21756E 07  0. 0 .  n. 0.  0. 0. 
7 17 0. 0.897R5F-02 0.11607E 07  0. 0 .  0. 0. 0.73574E-01 0.1530RE 01 
R 5 2  0.  O . Z O ~ O ~ E - O ~0.263961: 02  0. 0 .  0. 0. 0. 0. 
9 5 4  0. 0.83974F-02 0.10917E 02 0. 0. 0. 0. 0. 0. 
i n  57 0. 0.13674E-01 0 .17724E 07 n. 0.  0. 0 .  0. 0. 
1 1  5 R  0. 0.14646'-01 0.19040E 07 0. 0 .  0. 0 .  0. 0. 
1 2  7n 0. 0. 0. 0.41916F-04 0.  0. 0.27133E-02 0.15546E-02 
1 9  ' h  0. 0. 0. n.27431F-03 0. 0. 0. 0. 
14 4 1  n. 0. 0. 0.737841;-03 0. 0. 0. 0. 
15  46 0.  C. 0. 7.50BR7F-03 n. 0. 0. 0. 
1 6  49  0.  0. n. 0.61460E-03 0.32267E 00 0. 0. 0. 0. 
1 7  =rl n. 0. 0. 0.94 313E-04 0.495 14E-01 0. 0 .  0. 0. 
18 5 1  0. 0. 0.  0.22439E-03 0.11780F 00 0. 0. 0. 0. 
19 4R 0. 0. 0. 0-12721E-03 0.66783E-01 0. 0. 0. 0. 
20 45 0. 0. 0. 0.12575F-03 O . ~ ~ O ~ ~ E - O I0. 0.  0. 0. 
7 1  P I  0. 0 .  0. 0 - 3 9 6 0 0 E - 0 3  0 . 2 0 7 9 0 ~  on 0. 0. 0. 0. 
7 2  F 1  0. 0. n. 0.45617F-03 0.23949F 00 n. 0. 0. 0. 
71 F5 0. 0. 0. 0.46 747E-03 0.245421: 00 0. 0. 0. 0. 
2 4  P7 n. 0. 0. 0.51 766E-03 0.27177E 00 0. 0. 0. 0. 
7 5  E R  0. 0. 0.  0.78759E-01 0.41349E 00 0.  0. 0. 0. 
26 Ph 0. 0. 0. 0.6R970E-03 0.36183E 00 0. 0. 0. 0. 
2 7  P4 0. 0. 0. 0.67255E-03 0.35309F 00 n. 0.  0. 0. 
0 - 3 0 6 5 7 F  00 0.~~7 R  P? 0. 0. 0. 0.58 3 ~ 4 ~ - 0 3...~~.-- 0. 0. 0. 
79 7 7  0.  0. 0. 0.429251:-03 0 .22535F 00 0. 0. 0. 0. 
3n 7 2  n. 0. 0. 0.45258E-03 0.23760E 00 n. 0.  0. 0. 
71 6 5  0. 0. n. 0.10060E-03 0.528 14F-0 1 0. 0. 0. 0. 
17 hC 0. 0. n. o . i n 1 4 4 ~ - 0 3  0.53 2 5 4  F-0 I n. 0. 0. 0. 
3 3  6 7  n. 0. 0 .  0.12575E-03 0.66017F-01 0. 0.  0. 0. 
14  7 3  0. 0. 0. 0.1454lE-03 0.7634OF-01 0. 0.  0. 0. 
3 5  7 R  0. 0. 0. n. 2 5 7 5 6 ~ - 0 3  0.13522F 00 0. 0.  0. 0. 
36  7 9  0. 0. 0. 0.12576E-03 0.66022E-0 1 0. 0. 0. 0. 
3 7  PO 0. 0. 0 .  0.29601E-03 0.15540E 00 0. 0. 0. 0. 
1 R  7 5  0. 0. 0. 0.2155RE-03 0.11318E 00 0. 0. 0. 0. 
3 9  7 0  n. 0. 0. 0.23753E-03 0.12470E 00 0. 01 0. 0. 
4 0  6 7  0.  0. 0. 0.25454E-03 0.13363E 00 0. 0 .  0. 0. 






4 3  
1 1  















0 . 3 5 7 j 0 E - 0 4  
0.31952E-OC 
3.  4 3 3  1LE-) 3 
3 . 4 7 3 4 3 E - 0 3  
44 I 6  0. 0. 0. 0. 0. 0. 0- 0 .41609E-04  3.'+7049E-03 
L15 15 0. 0.  3 .  0. 0. 0. 0 .  0 .2635 lE -OS O.47743.F-03 
48 20 0. 0. 3. 0. 0. 0. 0. O.22995E-OC 0 .  C 7 7 4 0 E - 0 3  
4 7  10 0. 0. 0 .  0. 0. 0. 0. 0 .22872E-04  3 . 4 7 7 1 3 E - 3 3  
4 d  7 0. 0. 0. 3. 0. 0. 0. 0 .35500E-02  3 .62593E-33  
4 9  13 0. 0. 0. 3 .  0. 0. 0. 0. + 9 ? 0 3 E - 0 2  3 . 6 2 I k k E - 3 3  
50 2 4  0. 0. 0. 3 .  0. 0. 0. 0 . 6 1 5 1 5 E - 0 2  3 .15591E-32  
5 1  
5 2  
9 2  
110 
-0. l i J L 9 9 E  
1. 
30 I ) . L322 IE-04  
0.4 6 7  81E- Ob 











0 . 2 5 0 9 3 E - 0 3  
0. 
3 - 1 5 4 2 5 E - 3 2  









56 100 0. 0. 
5 7  102 U. 0. 
58 104 0. U. 
5 9  I O 6  0. 0. 
60 LOd 0. U. 
6 1  9 1  0. 0. 
6 2  9 3  0. 0. 
63 9 5  0. 3 .  
64 9 7  0. 0. 
6 5  99 0. 0. 
66 101 0. 0. 
6 7  103 0. 0. 
60 1 0 5  0. 0. 
6 9  1 0 7  0. 0. 
7 0  109 0. 0. 
7 1  tvi 0. 0. 





































3 .  0. 0. 0. 0 . 3 0 0 2 3 E - 3 2  3 . 6 2 3 3 7 E - 3 3  
0. 0 .  0. 0. 0 . 3 $ 9 o r ~ - 3 2  3 . 6 2 3 2 5 E - 3 3  
3. ". U. 0. 0 . 3 5 3 5 5 E - 0 2  3 .5190EE-33  
0. 0. 0. 0. 0 .15732E-02  3 . 1 5 5 6 1 E - 3 2  
3 .  0. 0. 0. 0 .25527E-32  3 .15523E-32  
0. 0. 0. 0. 0 .2553+E-O2 0 .1547bE-02  
3 .  0. 0. 0. 0.23 73+E-03  3 .15C57E-32  
0. 0. 0. 0 .  O . Z l l 2 7 E - 0 3  3 .15139E-32  
0. 0. 0. 0. 0. 3.  
0. 0. 0. 0. 0. 3.  
0. 0. 0. 0. 0. 3. 
~~0. 0. 0. 0. 0. 3.  
3 .  0. 0. 0. 0. 3.  
3 .  0. 0. 0. 0. 3.  
0. 0. 0. 0. 0. 3. 
0. 0. 0. 0. 0. 3.  
0. 0. 0. 0. 0. 3. 
0. 0. 0. 0. 0. 3. 
J. 0. 0. 0. 0. 3.  
3 .  0. 0. 0. 0. 3.  
DIMENSIONLESS COEFFIC IENTS IH+A/W*C-P I  
F L U 1 0  S h F A 9  EFAT GFNFRATION. B T U l S E C  
1 1, 3.0379F-12 7 12, II. 3 3 0 1  3 .1501F-02  4 11. 0. 5 17. 0. 6 161 0. 
7 15.  0. e 70. 0. 9 19. n. 10 7. 3 .6591E-02  11 1 3 .  3 .6094E-03  12 2 4 .  2.Zb74E-03 
13 110. 4.Rr137F-04 1 4  94 .  2 .8952F-02  1 5  9 6 .  3 .5741E-02  16 9 8 1  3 - 7 3 h R E - 0 2  1 7  100. 5 .6112E-04  I8 107. 2.9926E-02 
1 9  104. '.C970E-C2 20 106. P.1461E-04 2 1  I O R .  7 .1739F-04  
DATA T IMF= 0 . 1 3 C C  M I N U T F Z  
Cf lNnIICT.FLFMFNT NO. I VAR.TEMP.FLFMFNT NO. 1 FLOU CODE= 2 
CPNOIICT.EIFMFNT MI. 12 VAP.TFMP.ELEPENT NO. 7 FLOW COOF= 1 
tnNf l I ICT.FLFMFNT NO. 30 VAR.TFMP.FLFVFNT WO. 3 FLPW COO�= 2 
CPNMICT.FI FMFNT hO. 11 VAR.TEMP.FLEVENT NO. 4 FLOW CODE= 1 
CflNOIJCT.FLEMFNT NO. 17 VAR.TEMP.FLFPENT YO. 5 FLOW CODE= I 
tm.
t n n t n u r T . F i . ~ ~ ~ ~ ~  16 VAR.TFMP.EIFPENT NO. 6 F L O W  CODE= I 
CCINDIICT.EI  FMENT h1. 1 5  VAR.TEMP.ELFMENT NC. 7 FLCU CODE= 1 
CONIXICT.FLFMFNT hq. 7 0  VAR.TFMP.ELEMFNT NO. 8 FLOW CflDE= 1 
c n N r i i r T . ~ i . ~ ~ ~ N r  19 VIR.TFMP.ELFPFNT NO. 9 FLOW CODE= 1 
CnNCIICT.FLFMENT h O .  7 VAR.TEHP.ELEPENT NO. 10 FLOU CODE= 2 
CIlNPIICT.FI.rMFNT NO. 19 VAR.TFMP.CIEMENT NO. 1 1  FLPW CODE- 2 
CnN011tT.FLFMFNT NIl. 2 4  VAR.TFMP.ELFMEkT NO. 1 2  FLOW CODE= 2 
CONOllCT.Fl.FMFNT hn. 110 VAR.T�MP.ELEL�NT NO. 13 FLOW CODE= 2 
CCINOIICT.FLFHENT NO. 94 VAR.TFHP.ELEMENT YO. 14 FLOW CODE- 2 
CONOUCT-FLFMFNT NO. 96 VAR.TEMP.EL�MFhT YO. 15 FLOW CODE= 2 
CONMICT.EI FMFNT No. 9 R  VAR.TFMP.ELEM�NT Nfl. I h  FLOU CODE= 2 
COMRlNFD F I  n W Z  F L F W N T ,  C P W l N A T I n N  NO. I CCNOUCT.Yn.=100 BNORY.NO.= 17 PREVIOUS R F M E N T  VAR.T�MP.NOS.= 16 AN0 9 
CllNnllCT.Fl.fMFNT hn.  102 VAR.TFMP.ELEMEN1 NO. 17 F L n U  CODE= 2 
CPND1ICT.Fl.FMENT NO. 104 VAR.TFMP.ELEFENT NO. 18 FLOW CODE= 2 
C n N n U r T - F I  FYFNT Ml. 106 VAR.TEMP.ELEPENT NO. 19 FLOW COOE= 2 
CC;NOIICT.FLFMENT NO. l O e  VAR.TEMP.ELEk'ENT YO. 2 0  FLOW CODE= 2 
NQ. 
91 
-UNVtKSENCt CRITERIA, ITERATIUN= 100 
CONO.NU. NtW T t M P .  
1 0.1207188E 04 
2 0.1262024E O+ 
3 0-1279193E 04 
4 0.12857d9t 04 
5 0-129098YE 04 
5 0.1290350E 04 
7 0.104763UE 04 
8 0.1120079E 04 
9 0.1173756E 04 
10 0.1209530E 04 
l i  0.1239491E 04 
12 0.1283117E 04 
13 0.98412d4E 03 
I 4  0.1043133E 04 
15 0.1095047E 04 
1 5  0.1138705E 0 4  
17 0.1175>54� 04 
18  0.1211240E 0 4  
19  0.1013473t 04 
20  0.1J447JOE 0% 
21 0.1084893E 04 
22 0.1124159E 04 
23 O. l l63354E 0 4  
24 0-9142753E 03 
25 0.9530b59E 03 
26 0.10026Y5 t 04 
27 0.1043344E 04 
z a  0.1084J42E 04 
2Y 0.1127134E 04 
30 0.90915b3E 03 
31 0 . 9 3 ~ 0 3 t . 4 ~  07 
32 0.9559154E 03 
33 o . 1 0 0 4 i i n ~  04 
34 0.10451d6E 04 
35 o . i o 9 2 ~ 7 n ~0 4  
36 0.8953174E 03 
37 0.9249237E 03 
38 0.928455hE 03 
39 0.9984394F 03 
40 0.1051777E 04 
41 0.8576335E 03 
42 O.883589JE 03 
4 3  0.9070508E 03 
44 0.941 1399E 03 
45 0.1011581E 04 
46 O-8149281E 0 3  
47 0.8176213E 03  





53 0.1210087E 04 
54 0.121on26~ 04 
55 0.11851OSE 04 
55 o . l i t 1 9 9 6 8 ~  0 1  
57 0.1212945E 04 
58 0.1212910E 04 
5Y o . i i b302aE 3 4  
60  0.1131052E 04 
61 0.1115438E 04 
62 0.110584OE 04 
63 0.1159076E 04 
64 O. l l6b984E 04 
b5 O.lZO2527E 04 
66 0.1204443E 04 
67 0.1153022E 04 
68 0.1128745E 04 
69 0.1114913E~ 04.. 
70 0.1105d42E 04 
71 O. l l23232E 04 
72 0.1123557E 04 
73 O.lLZlb88E 04 
74 0.11132h4E 3% 
75 0.1105152E 04 
76 0.1087554E 04 
77 0.1086331E 0 4  
78 0.1118345E 04 
79 O . l l l l 8 5 2 E  0% 
80 0.1104255E 04 
81 0.1055370E 04 
82 0.1053Y32E 04 
83 0.1026347E 04 
84 0.10247h5E 0 4  
85 0.1005577t 0 4  
86 0.1004407E 04 
87 0.995315ZE 0 3  
88 0.9939358E 03 
89 0.1107JOOE 04 
90 0.1060000E 04 
91 0.8710030E 03 
92 0.87262?8� 03 
93 0.8690000E 03 
94 0.8791839E 03 
95 0.8560U30t 03 
OLO TEMP. 
0.1207189E 0 4  
l .1262066E 3 4  
0.1279195E 3 4  
0.12d5991E I 4  
O.IZ90990E.~3 4.­
3.1298050E 3 4  
0.1347635E 3 4  
3-1120338E 3 4  
0.1173768E 3 4  
0.1239544E 0 4  
3-1239502E 3 4  
3.128312OE 3 4  
0.9841373E 33  
3.1143151E 3 4  
3.1195072E.~~. 3 4  
0.1138733E 3 4  
3.1175077E 3 4  
0.1211257E 04 
3.1313504E 04 
J.L j44827E 3 4  
3.1384932E 3 4  
O - l t 2 4 1 9 5 E  3 4  
O.l l63381E 3 4  
0.9142952E 0 3  
0.9631324E 33 
U.lJ32742E. ~~ -~ 3 4  
3-1343395E 3 4  
3.1084388E 3 4  
0.1127168E 3 4  
0.9091920E 3 3  
0.9330827E 0 3  
0 . 9 5 5 9 7 5 1 C  3 3  
0.13341BlE 3 4  
0-1345242E 3 4  
0.1092418E 3 4  
0.8963848E 0 3  
0.9250317E 33 
3.9585373E 3 3  
3.9985108E 33 
0.1l51825E 3 4  
0 - 8 i 7 7 1 4 8 E  33  
0.8836909E 33 
0.9371563E 1 3  
0.9412338E 3 3  
3.1111636E 3 4  
3.8150896E 33 
0.8177812E 37 
0.8190473E 33  
3-1210098E 3 4  
0.1210837E 3 4  
3.1185122E 3 4  
1.1189961E 3 4  
0.1212958E 3 4  
0.1212927E 3 4  
3.1lb3059E 3 4  
0.1131106E 3 4  
3.1115537E 3 4  
0.1105939E 3 4  
0.1159092E 3 4  
O.l l66998E 3 4  
0.1202641E 04 
3.1234461E 3 4  
0.1163053E 04 
3.1128733E 3 4  
0.1114961E 3 4  
0.1105890E 3 4  
3.1123249E 04 
3.1123583E 3 4  
3.1121733E 3 4  
3.1113292E 3 4~~ ~~ 
0.1135199E 1 4  
0.1387571E 3 4  
0-1386348E 3 4  
3.1118390E 3 4  
3.1111898E 3 4  
3.1134332E 3 4  
3.1355387E 3 4  
0.1053999E 3 4  
0.1326064E 3 4  
3.1324763E 3 4  
0.1305693E.~3 4.. 
0.1334423E 3 4  
0.9353313E 33 
0.9939516E 33  
0.1107000E 3 4  
3. lO6OJOOE 3 4  
O . ~ ~ L O O O O E33 
3.8726228E 1 3  









-3  .3662109E-03 
-3.5 157471E- 02 
-3.9 185791E-02 









- 3 .  1673889E- 0 I 







-0.4 723358E- 01 
-0.5065918E-01 
-3  -4553223E-01 
-3.3353882E-01 
-3.2575684E-01 










-0 .R 129 120E-01 
-3.1019058E 00 
-3.1055069E 00 
-0.938 I104E-0 1 










-3  1371765E-0 1 
-3.1325989E-01 
- 3  -1272583E-01 
-3 -1690 674E- 0 I 
-3.3027344E-01 
-0.4 396057E- 0 1 
-0.4867554E-01 
-3.4917908E-0 1 
-3  .1539612E-01 
-3.1463318E-01 
-3.1374817E-01 
-0. I ~ O ~ ~ ~ I E - O I  
-3.3030396E-0 I 
-3.4391479E-01 





- 3 . 4  743 958E- 0 1 
-3 -475 1587E-01 
-3  17578 I3E-0 I 
-3  - 1666260E-01 
-3.4495239E-01 
-0 4653 93 1E-0 1 
-3.4646301E-01 
-3.172271 7E-01 





-3  .1615906E-01 
-3.1577759E-0 1 
3 .  
3 .  
3 .  
-3.7629 3 95E- 05  
3 .  
3 .  
3 .  
























0 .5000000~-01  
0.5000000E-01 
0.5000 ODOE -01 













0. ~ O O ~ O O O E - O I  



































0 .5000000~-01  













9 6  U.B750?LBE 35 0.8760228E 3 3  -3 .7629395E-05 0.50000005-01 
9 7  0.8540300F 3 3  3.85400COE 3 3 3 .  0.5000000E-01 
’io 0.d712150E 03 1 .8712150E 3 3  -3 .1525879E-04 U.5000000E-01 
9 3  0.8blOOJOE 3 3  0.85 1 0 3 3 0 E  J 3 3 .  0. ~ O O ~ O O O E - O L  
I O U  0.8561229E 03 3.855 1230E 3 3  -3.22888 I8E-04 n. s o o o o o o ~ - o ~  
101 0 . d 5 0 u J J O t  03 0. n 5 3 0 0 0 0 ~  3 3 3. 0.5000000E-01 
I02 0 . 8 5 7 3 J 2 2 t  3 3  3 .R573022E 13 - 3 - I 5 2 5 8 7 9 E - 0 4  0.5000000E-01 
1 0 3  0.85 8 0 0 3 0 E  J 3  3.8580000E 3 3  3 .  0.50000OOE-01 
I04 O.db48UL3E 0 3  3.6648024E 3 3  -3.7629395E-05 0.5000000E-01 
IO! 0.8560000E 0 3  3 . 6 5 5 0 0 0 3 E  3 3  3 .  0 . 5 O O O O O O i - 0 1  
I O 6  0.8599932F 03 D.b5?9932E 3 3  3. 0.5000 UOOE - 01 
I 0 7  0.d550000E 03 0 . a 5 5 0 0 o o ~  3 3  3 .  0.5000000E-01 
I08 0.8472584E 0 3  0.8572584E 0 3  3 .  0.5000000E-01 
1OY 0.85300UOE 03  0.8530000E I 3  3 .  0. ~ O O ~ ~ O O E - O I  
I10 o . a s 5 4 5 3 7 ~  03 3.8554687E 3 3  3 .  0.50000005-01 
CONVE2GE4CE L K I i E 2 l U N  4 C I E II V E J .  I i E R I T I O N S s  1 3 1  
FLEqFNT14T CFNTEIII T6MPERAlURES (DFGPFFS F I .  r l t R I T l O N S =  1 3 0  
2. 1 - 7 6 2 1 9 9 h E  03 3 .  1.7797R90F 03 4. 1.286052RE 0 3  5 r  1 -291025RE 03 6. 1.2980559E 0 3  
R. 1.120R364E 03 9. 1.1743413F 03 10. 1.2099151E 0 3  11. 1 - 2 3 1 7 3 6 3 E  0 3  12. 1.2fl31623E 03 
14. 1 . 0 4 ~ 4 7 ~ 3 5 ~02 15. 1 . n 9 6 0 9 4 4 ~  ng 16. 1.1394177r 0 3  17. 1 . 1 7 5 9 9 5 5 ~  03 18. 1 . 2 1 1 ~ 9 9 4 ~  0 3  
20. l r 0 4 5 R 3 5 2 E  03 21. I . O R 5 7 6 R 6 E  0 3  27, 1.1247037E 0 3  2 3 1  1 - 1 6 3 3 1 2 3 E  03 24. 9.1654068E 0 2  
26. 1.0033938E 07 P7. 1.0435496E 03 2R. 1.0819858E 03 7 9 ,  1.12hS771E 03 30. 9.1070fl28E 07 
l 2 .  9 - 6 6 1 7 6 5 8 E  02 3‘4, 1.0r)39RqhF 03 34. 1.044RRBIF 03 7 5 .  1.C920869E 03 36. 8 * 9 6 ? 3 9 3 b �  0 2  
3s. 9.57Ph542F 02 3 9 ,  9.9780h42C 07 40. 1.0513206F 0 3  411 R.6706945F 02 42 .  8.8259656F 0 2  
44. 9.40C4172E 07 4 5 .  i . n i 0 9 R 6 i ~  0 3  46. 8.1260R96E 0 2  47. U.1512953E 02 48. 8 - 1 6 6 5 1 9 0 E  0 2  
50. ~ . 1 2 8 6 1 1 7 ~07 51, 8.1376455F 02  57. 1 . 2 3 9 7 4 0 ~ ~n7 531 1.2099419F 03 54. 1.2106788E 07 
5 6 .  1.1557669F n7 57. 1.2127559F 03  511. 1.2126390F 03 59. 1.1625276F 03 60. 1.1303272E 03 
6 2 .  I.l$l5015flF 03 67 1.15RR714F 03 64 ,  1.16h7R36F 03 65. 1.2024728F 0 3  6 6 .  1 . 2 0 4 1 5 4 l E  0 3  
6R. 1-1ZRO12GE 07 6 9  9 I . I l 4 I O R A F  03 70. i . i n 5 0 3 1 4 ~  0 3  1 1 .  1.l2300ROF 0 3  72. 1.1233525E 0 3  
74. 	 1 . 1 1 7 4 4 9 9 E  03 75. 1 . 1 0 4 3 5 6 2 ~  03 76. l.OR731RflE 03 77. 1.CR5807ZE 03 7R. 1.1175932E 0 3  
80, 1 . 1 0 3 4 7 7 9 ~  0 3  8 1 .  1.0551364F 03 82. 1 . 0 5 3 7 5 h n ~  03 83. 1 . 0 2 5 8 1 5 5 ~  03 84.  1 . 0 7 4 5 ~ 0 9 ~03 
8 6 .  1.0041R52E 03 8 7  9.9509299F 07  R8. 9.9171971F 0 7  P9r  1 .107nono~ 03 90.  1 . 0 6 n o n o n ~  n3 
92. 8.72RC047E 0 2  93.  A.hR99999F 02 9 4 .  8.796995RE 0 2  $ 5 .  8.0600000E 0 2  ‘46. R.7711Z9lE 02 
9 8 .  R.77P348lE 02 9 9 .  R.6099999F 02 1 0 0 1  R.719132?� 172 101. R.5949999F 02 102. 8.7032722E 0 2  
104 .  R.6h39888E 0 2  105 ,  R.5599999F 0 2  106. 8 . 6 0 7 3 5 0 ~ ~0 2  107. 5.5500000E 0 2  I C E .  R.576178 lF  02 
I I n .  8.5565917F 0 7  
E I A i  CENTtK l  T � M P  ERITURES (DEGREES F l ,  I T E P I I T I J Y S =  131 
I .  LO 7 172 >.E 0 3  1.2620373E 0 3  3 .  1.273156dE 0 3  4 r  1.28595 lZE 03 5 .  1.29095922 03 5. 
I .  04 753YOt 0 3  1.1199171E 03 9. 1.173531’1E 3 3  I J r  1.2092d99E 0 3  11 .  1.2392973: 03 I ? .  

5.63970>3E 0 2  1.0428129E 03 15. I . 3 9 4 5 l 4 1 E  3 3  16. 1.1382373E 0 3  17. 1.175237GC 03 1 8 ,  

1.01 25158E u 3  1.04+1371� 0 3  21. 1 . ~ a 4 1 3 7 1 t  0 3  22, 1 . 1 2 3 5 3 4 i ~  03 23. 1 . 1 5 2 a 9 3 8 ~  03 29, 

9.624 209 5 t  0 2  1 . 0 0 1 8 b O b E  0 3  27 I l .3424498E 0 3  ZHv 1.0832400E 03 29. 1.12654525 03 3 3 .  >.3971111E J 2  

3 1 ,  9.322 1 7 5 6 t  0 2  5.648622dE 0 2  33 I 1.3030300E 03  3 4 .  1.0441905E 03 35. 1.0916644f 03 35 I 8 - 9 5 1 2 5 3 7 E  J 2  
37. 9.2354479k 0 2  Y.570267 lE 02 311. 3.9717345F. 0 2.. 41). 1.0509228E 03 4 1 ,  8.6619644E 02 C ?  1 8.5178753E J 2~ ~~ ~ 
43. Y. 05 I w 5 t  u2 9. 3 Y 4 d 3 4 0 t  02 $5, 1 . J 1 3 5 I Y 5 L  3 3  4 5 .  d.1207171E 02 47. 8.1479235E 02 9 8 ,  
4 9. 8.09 9413 3E 0 2  8.1232901E 02 5 1  1 ~ . 1 3 2 3 3 9 5 F  0 2  5 1 ,  1.23‘47008E 03 53. 1 .209R909 i  03 5 $ ,  
55. 1. I d 4 @ 7 1 P t  0 3  1.1897191E 03 57, 1 . 2 1 2 7 2 5 2 t  0 3  3 d .  1 . 2 I Z b 1 7 5 t  0 3  59. l . l h 2 5 0 4 3 i  03 5 3 .  
61 ,  I .  1 1 4 0 4 4 a ~  03 1.104Ydtl3E 0 3  1.IZSt113dE 0 3  0 4 .  1.1667315E 0 3  65. 1 .20?38931 0 3  55. 
67. 	 1. Lb24Y7JE 0 3  I .1279d59E 0 3  1 . 1 1 4 3 8 1 4 E  03 70. I .1050041E 0 3  71. I .1229402I - 03 72 I 1.1232721E J 3  
73, 1 . 1 2 0 3 0 2 6 t  03 l . l l 2 4 2 2 7 t  05 I . l J 4 3 2 9 2 E  0 3  76, 1 . 0 8 7 2 5 l L E  03 77, 1 .085744bf  03 78. 1.1175565E 3 3  
79. I .  l l l C 4 5 9 t  0 3  1.1034512E 0 3  1 .3551741E 03 8 2 1  1.3536952E 0 3  831 1.02575705 03 8 9 ,  1.0249533E 3 3  
85. 1.005 392 7E 03 1.0041295t  0 3  J . ? S J 3 5 ? R F.. 177.. RR. 9.936652RE 0 2  59. 1 . 1 0 7 0 0 0 0 ~  03 90. 1.0503503E 3 3  
91, 8.709999% 0 2  8. 72022 75k U2 d.ioJ11399E 7 2  9 4 .  8.7918385t  0 2  95, 8.6500000E 02 95  t 8.7502273E 3 2  
9 7. 8 .0401)OJOt  0 2  n. 7 1 2 1 4 n + ~0 2  b.bOY9999t 0 2  1 0 3 ,  d.5512252E 0 2  101.  8.59999995 02 132, 8.5730202E 02 
02 107, ~ . 5 5 o n o o o ~103. 6.57 3 9 9 9 9 t  0 2  8 .  b460223E 0 2  5 . 5 5 ~ 9 3 7 9 ~7 2  106.  8 . 5 9 ~ 3 1 0 ~  07 108.  8.5725592E 3 2  
109. 8.5 3 y ”  0 2  d.5546871E 02 
/ 
FLEHFNT FnRCFl  CONVFCTIPN. FRFF CONVECT., R A l l l 4 T  ION bN0 V A R  .TFMP.CflNVECT. CONOUCTbNCESlH*I I 6TUIHR.F 
1 I r . 2 3 0 9 8 7 h ~  0 2  0. 0. 
7 7 0.2301797E 02 0. 0. 
3 3 0.3442470E 02 0. n. 0. 
4 4 C.340891BE 02 0. 0. 0. 
5 5 0 . 3 3 7 4 7 3 6 ~  0 2  n. 0. 0. 
6 6 Il.6024704E 0 2  0. 0. 0. 
7 1 2  0 . 3 2 1 4 3 R l E  0 2  n. 0. 0.2648646E 00 
P 5 7  C.7309619F 07 0. 0. 0. 
9 5 4  n . 3 0 2 3 0 7 7 ~  02 0. 0. 0. 
i n  5 7  C.4908268E 0 2  n. 0. 0. 
1 1  5 8  0.5272555F 07  n.~. n. 0. 
I ?  30 C. n.150R969E 00 0. 0.9767791E 0 1  
I 3  3 6  0. 0 . ~ 0 7 5 0 7 1 ~00 0. 0. 
14 4 1  0. 0.8562257E 00 0. 0. 
1 5  4 6  n. n.1831766E 0 1  0. 0. 
16 4 9  0. 0.2712577F 01 0. 0 .  
1 7  517 0. 0.7395263F 00 0. n. 
1 R  5 1  0. n . a o 7 7 8 7 7 ~  00 0. 0. 
19 
?n 
4 8  
4 5  
n. 
n. 
~ 1 . 4 5 7 9 4 1 6 ~00 







71 8 1  0. 
7 2  R 3  n. 
7 3  R5 0. 
24 a 7  0. 
7 5  R8 n. 
7 6  e6 n. 
2 7  e 4  C. 
2 8  R ?  0. 
7 9  7 7  g. 
70 72 n. 
3 1  6 5  0. 
3 ?  6 6  0. 
33 6 7  0. 
34 1 3  0. 
3 5  7 8  0. 
36 7 9  P. 
3 7  80 0. 
P R  7 5  0. 
3 9  7 0  n. 
40 6 2  C. 
4 1  6 1  0. 
42 11 U. 
43 1 7  0. 
44 13 0. 
4 5  1 5  0. 
46 2 0  0. 
47 1 9  0. 
46 7 0. 
4 9  1 3  0. 
50 24 0. 
0.1425012F 01 
Q.1642715F 01  
O.lh8ZR75E 01 
0.1863566E 01  
0.7R3533hF 01 
0.1545289E 0 1  
0.16’97RYE 01  
L ~ ~ Z I ~ Z ~ F0 0  
0-3651705E 00 
0.4526907E 00 
n . 5 2 3 4 7 4 0 ~  00  
0.9272007F 00  








0 .  
3 .  
3 .  




3 .  




































3. 0.1323278E 00 
3. O. l l50274E 00~~ 
3 .  0.1497932E 00 
3. 0.8766205E-01 
0 .  0.8278172E-01 
3 .  0.8234002E-01 
3 .  0- 1314272E 02 
3 .  0.1771 31 I E  02 
3 .  0.2210943E 02 
3 .  0. 
3 .  0.9395632: 00 
3 .  0.1081050E 02 
3. 0.1256669E 02 
3 .  0-1272810E 02 
0. 0.6012575E 01 
3 .  0.954984% 01 
3 .  0.9552101F 01 
3 .  0.8544354E 00 




3 .  0. 
3 .  0. 
3 .  0. 
3 .  0. 
3 .  0. 
3 .  0. 
D .  0. 
3 .  0. 
3 .  0. 
5 1  92 0.d3594J3E-01 3 .  
52 110 0. lb84123E-02 3 .  
53 94 0. 0. 
5 4  96 0. 0 .  
55 YR 0. 0. 
5 4  LOO J. 0. 
57 102 0. 3 .  
5 8  104 0. 3 .  
5 9  105 0. 0. 
60 LOd 0. 0. 
61 91 0. 3. 
62 93 0. 0. 
6 3  75 0. 3 .  
6 4  97 0.  0 .  
6 5  99 0. 0. 
DO 101 0. 0. 
b l  103 0. D. 
b d  105 0. 3. 
6 9  107 0. 3 .  
70 1 0 Y  0. 0. 
71 8 9  0. 3. 
72 90 0. 0. 
VAR.TEMP-CONVECIIOY B f l d Y D A 7 Y  TEMPS.(Fl 
I 1. 1.C516E 0 3  2 12, I .2Y7oE 0 3  3 3 3 .  8.9297E 0 2  4 11. 1.2933E C3 5 17, 1.2857E 03 b 16. 1.2734E 33 
7 15,  1.2645E 03 8 20. 1.2541E 03 3 1 3 ,  1.2428E 0 3  10 7, 9.6841E 0 2  11 13. 9.3688: 02 I ?  ? $ I  8.P385E 32 
13 110, 9.1970E 0 2  14 Y4, 1.062OE 03 15 Y5r Y.7500f 0 2  16 981 9.4500E 02 1 7  100. 7.5451E 02 1 8  102. 1.0050E 33 
19 104, 9.5500E 02 20  1 0 6 ,  9.4192t 02 2 1  1 0 9 9  9.3149E 0 2  
ELEMENT 1HERMAL CUNOJCTIVIrIES 8TUIHK-FT.F 
I r  3.3891022E 00 2, 3.2509139E 03 3. 3.2388574E 00 
7. 3.8219351E 00 8 .  3.5198994E 00 3 ,  3.4764545E 00 
13,  4.007520OE J O  14. 3.8354569E 35 1 5 .  3 . 5 8 9 4 3 9 1 E  00 
19. 3.9220373E 00 20; 3.8316448E OU 219 3.718362% 00 
25, 4.072175Ut 00  26, 3.9544748E 00 2 7 s  3.8364705E 00 
31, 4.1643429E 00 32. 4 . 0 a 4 7 d l 4 t  00  33. 3.9511351E 30 
37, 4.1911136E 00  38. 4.0d846b3E 00 3 9 1  3.9582553E 00 
43. 4.2483017E 00 44, 4.1419617E Di) 4 5 ,  3.9287386E 00 
4 Y 1  7.3063127E 01  50.  7.3042787�~ 01. 51. ~~ 01~~ ~ .  7.3035395E~.~-
551 7.0239279t  0 1  5 6 ,  7.0206575E 01 57. 7.3052282f 0 1  
61, 7.0721455E 01 62. 7.0789098E 0 1  6 3 1  7.0416341E 31 
67. 	 7.03Y1131E 01 68, 7.0628570t 01 6 9 1  7.3725393E 0 1  
731 7.0677706E 01  74. 7 .0736992t  01 75, 7.0793731E 01 
79. 7.0740629E 01  dO. 7.J7999UlE J I  8 1 ,  T.1144552E 01 
851 7.150866YE 0 1  do, 7.1518373E 01 d 7 ,  7.15d5967E 01 
91. 7.2554519E 01  92, 7 .2541301t  U I  3 3 ,  7.2573332E 0 1  
4, 3.1923199E 00 5 ,  3.1801741E 00 5. 3. lb30672E DO 
I D .  3 . 3 8 3 b b l l E  00 l l r  3.3075424E 00 I ? .  3.1333iZSE 5 3  
16. 3.5702831E 00 17. 3-4719671E 00 18.  3.3734153E 33  
22; 3.6100353E 00 239 3.5044902E 00 Zlv +.2211350E 3 3  
28. 3.7210288E 00 29, 3 .6018634i  00 30. 4.2373551E OD 
34, 3.8314753E 00 35. 3-6975774E 00 36, 4.2799824E 33  
4 3 .  3.8122348E 00 411 4.3720887E 00 4 2 .  4.3222151E OD 
45, 7.3344968E 01 47, 7.3021833E 01 4 8 ;  7.3313582E 3 1  
52. 6.9873211E 01~. ~. . . ~ . ~ ~.. 53. 7.0071213E 01 5 $ *  7.0065253E 31 
58. 7.0052993E 01 59, 7-0391088F 01 5 0 .  7.0512513E 31  
6 4 .  7.0362301E 01 651 7-0121414E 01 55. 7.3139738E 3 1  
73. 7.0788989E 01 71. 7.05536805 01 72. 7.0561235E 11 
76. 7.0914325E 01 77. 7.0925013E 01 
82, 7.1154514E 01 83, 7.13580925 01 
8 8 ,  7.1596256E 01 8 9 .  7.5937494E 01 
94, 7.2488013E 01 95. 7.2595346: 01 
97, 7.2611717E 0 1  Y 8 ,  7.2552767E 01 73. 7.2536321E 0 1  103, 1.2594343E 01 1 0 1 1  7.2644534I- 01 
103. 7.2bbCY78E 01 104,  7.260514dE 01  1 0 5 .  7.2577446E 0 1  106. 7.2644590E 01 107. 7.2685690E 01 
1091 7.2702194t 01 110. 7.2681825E 01 
94 

ELEMENT ENWS COYDUCTION i E A T  FLUXES 1 0.3503629E 03 -0.7173817E 03 0. 0. B T U I i R  
ELEMENT ENWS C O Y O U C T I O Y  i E A T  FLUXES 2 0 .8493505E~-02  - 0 - 5 0 8 7 3 6 3 E  3 3  -0.3500629E 0 3  0. 0 T U I i R  
E L M E Y T  ENWS CONOUCTION i E A T  FLUXES 0 .2787327E 0 2  - 0 - 5 6 0 4 7 5 3 E  0 3  -0.8493505E 02 0. BTUIHR 
ELEMENT ENWS COYJUCTION +EAT FLUXES 4 3.2005288E 0 2  -0.4715087E 0 3  -0 .2787327E 0 2  0. BTUIHR 
ELEMENT ENkS COYDUCTION i E A T  FLUXES 5 0 .2879872E 0 2  - 0 - 3 1 3 4 1 5 6 E  0 3  -0.2045288E 02 0. BTUIHR 
ELEMEYT EYWS CONDUCTION +EAT FLUXES 6 0. -0.8908973E 0 2  -0 .2879872E 02 0. B T U I i R  
ELEMENT ENWS COYODUCTION i E A T  FLUXES 7 0.6154732E 0 3  -0 .293889IE 0 3  0. 0.7173817E 0 3  B T U I i R  
ELEMENT ENWS COYJUCTION i E A T  FLUXES 8 0.3470744E 03 - 0 - 3 3 9 3 3 4 5 E  0 3  -0 .6164732E 0 3  0.6087063E 0 3  B T U I i R  
ELEMENT ENWS COYUUCTION dEAT FLUXES 9 0 .1872781E 0 3  -0.50071bOE 0 3  -0 .3470744E 0 3  0.6604753E 0 3  0 T U I d R  
ELEMENT ENWS CJYOUCTIUN i E A T  FLUXES 1 0  0.1532962E 3 3  -0.4375617E 0 3  -0 .1872781E 0 3  0 . 4 7 1 5 0 8 7 I  0 3  B T U I i R  
ELEMENT ENhS CONJUCTION i E A T  FLUXES 11 0.2173733E 0 3  -0.3846594E 0 3  -0.1532962E 0 3  0.3134156E 03 B T U I i R  
ELEMENT ENWS CONDUCTION i E A T  F L U X t S  1 2  n. -0.4201151E 0 3  -0.2173733E 0 3  0.8908973E 02 B T U I i R  
ELEMENT E Y k S  CJY3UCTlON i E P T  FLUXES 13 6 1 5 4 3 1 6 5 5 E  0 3  3. 0. 0.2938891E 0 3  B T U I i R  
ELEMENT ENWS COYOUCTlON dEAT FLUXES 14 0 .3636212E 0 3  - 0 - 1 6 2 8 4 5 8 E  0 3  -0.5401655E 0 3  0.3393345E 0 3  9 T U l d R  
ELEMENT ENWS COYOUCTION +EAT FLUXES 1 5  0 .2471701E 0 3  -0.3992199E 0 3  -0.3636212E 0 3  0.5007160E 0 3  BTUIHR 
ELEMEYT ENWS COYOUCTION i E A T  FLUXES 16 0.2033787E 03 - 0 - 4 1 4 0 7 2 7 E  0 3  -0.2471701E 0 3  0.4375617E 0 3  BTUI’ IR 
ELEMEYT ENWS CONJUCTION i E A T  FLUXES 1 7  0.1939676E 0 3  -0.3849976E 0 3  -0 .2033787E 0 3  0.3 846594E 0 3  BTUIHR 
ELEMENT ENWS CO9OUCTION i 1 A T  FLUXES I 8  0.1197314E 0 3  -0.3479073E 0 3  -0 .1909676E 03 0 ~ 4 2 0 1 1 5 1 E0 3  B T U l i R  
ELEMENT ENWS CONJUCTION i E A 1  FLUXES 1 9  0.1545259E 3 3  -0.3464769E 0 3  0. 0.16284581 0 3  B T U I i R  
ELEMENT ENWS COYUUCTION i E A T  FLUXES 2 0  0 - 1 7 1 7 8 6 4 E  0 3  -0.4238508E 0 3  0.3992199E 0 3  B T U I i R  
ELEMENT ENUS CJYOUCTION i E A T  FLUXES 2 1  0 .1537377E 0 3  -0.4061137E 0 3  0.4140727E 0 3  B T U I i R  
ELEMtNT EHUS CONOUCTION dEAT FLUXES 2 2  0 .1593473E 0 3  -0.3803781E 0 3  0.3849976E 0 3  BTUIHR 
ELEMENT ENWS COYDUCTION i E 4 T  FLUXES 2 3  0.1437275E 0 3  -0.3326274E 0 3  0 .34790731 0 3  B T U I i R  
UEMEYT ENYS CONOUCTION i E A T  FLUXES 2 4  0 . 3 4 9 1 b l O E  0 3  -0.3816319E 0 2  0. 0. BTUIHR 
ELEMENT ENWS COYJUCTION i E A 1  FLUXES 2 5  0 .2134400E 03 -0.2168363E 0 3  -0.3481610E 03 0.3464769E 03 BTUI’ IR 
ELEMENT ENWS COYOUCTION i E A T  FLUXES 2 6  0.1823687E 0 3  - 0 - 3 8 7 8 9 0 9 E  0 3  -0.2184400E 03 0.4238508E 0 3  RTUIMR 
ELEMEYT ENYS COYJLKTION i E A T  FLUXES 2 7  0.1777793E 0 3  -0.4016309E 0 3  -0.1023687E 0 3  0.4061137E 0 3  BTUIHR 
ZEMEYT t h U S  t O Y J i T i O h  i I A 1  FLUXES 2 8  0.1828759E 0 3  -0.3855568E 0 3  -0.1777793E 0 3  0.3803781E 0 3  BTUlHR 
ELEMEYT ENwS CJYOUCl lUN I E A T  FLUXES 2 9  0.1831737E 0 3  -0.3328724E 0 3  -0.1828759E 0 3  0.3326274E 03 8 T U I i R  
ELEMENT ENWS C3NOUCTION . ( E A 1  FLUXES 3 0  0 .1734538E 0 3  0. 0. 0.3816319E 0 2  BTUIdR 
ELEMENi ENmS COYDUCTION I E A T  FLUXES 3 1  0.1882795E 0 3  -0.2317683E 0 3  -0 .1734538E 0 3  0.2168363E 0 3  B T U I i R  
UEMEYT ENWS CONDUCTION H3AT FLUXES 3 2  0.1739737E 03 -0.3787390E 0 3  -0.1882795E 0 3  0.3878909E 03 BTUIHR 
ELEMENT ENWS COYOUCTION dEAT FLUXES 3 3  0.1875667E 0 3  -0.4104379E 0 3  -0.1789737E 0 3  0.4016309E 0 3  B T U I i R  
ELEMENT ENYS COYOUCTION HEAT FLUXES 3 4  0 - 2 0 3 2 3 2 1 E  0 3  -0.5072054E 0 3  -0.1076667E 0 3  0.3855568E 0 3  BTUIHR 
. .. .dEMENT ENYS CD\13UCTl ON i E A T  FLUXES 3 5  3 .2153113E 3 3  -0.3396829E 0 3  -0.2092321E 0 3  0 .33287241 0 3  BTUIHR 
EL EMENT EN WS CJYOUC 11 ON r l E A 1  FLUXES 3 6  3.2403199E 3 3  -0.1 736076E 0 3  n. 0.2317683E 03 B T U I H R  
U.EMENT ENYS COYOUCllUN HEhT F L U X t S  3 7  0 .2312853E 0 3  -0.3696520E 0 3  0.3787090E 0 3  8 T U I i R  
ELEMENT ENWS C U Y U U C T I J Y  HEAT FLUXES 3 8  0 .2699817E 0 3  -0.4491997E 3 3  0.41043795 0 3  B T U I i R  
ELEMENT ENWS LOYUUCTIUN i E A 1  FLUXES 3 9  0.3487814E 03 -0.0862198E 0 3  0.4072054E 0 3  BTUI9R 
EL EMENT ENWS COYOUCTION i E A T  FLUXES 4 0  0 .3335338E 0 3  - 0 . 3 2 4 4 2 6 l E  0 3  0.3396829E 03 9TUlHR 
ELEMENT ENWS CUNJUCTION i E A T  F L U X t S  41 3 .1184190E 0 3  0. 0. 0.1 736076E 0 3  BTUIHR 
ELEMENT ENWS COY3UCTION i E A T  FLUXES 4 2  O - 1 4 6 1 5 1 4 E  0 3  - 0 - 3 9 7 5 6 9 2 E  0 3  -0.1184190E 0 3  0.3 6 9 6 5 2  OE 03 BTUlHR 
UEMENT ENWS CUYOLlCTlJN i E L T  FLUXES- ~~ .. . - ~. 4 3  0.2037017E 0 3  -0.5129126E 03 -0 .1461514E 0 3  0.4491997E 0 3  B T U I i R  
ELEMENT ENYS C O Y J U C  TlON i E A T  FLUXES 44 0 . 4 1 8 1 5 3 5 6  3 3  -0.5947881E 03  -0 .2097017E 0 3  0.4862190E 03 B T U I i R  
EL EMEN1 ENWS COYJJCTIUN i E A T  FLUXES 4 5  0 .3136507E 0 3  n..  -0.4181535E 03 0.3244261E 0 3  BTUIHR 
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HEAT TRANSFER COEFFICIENT EQUATIONS 
The equations used to calculate boundary heat transfer coefficients are mostly ob­
tained from books by McAdams (ref. 9) and by Kreith (ref. 10). 
Radiation 
The radiation equation is based on information from chapter 4 of Kreith and chap­
ter 5 of McAdams. The basic expression is in terms of the heat flux but can also be ex­
pressed as 
h = - Q 
A AT 
The number of properties required is reduced by substitution of others as explained in the 
references . 
Liquid Film Cooling 
The gravity-flow liquid film cooling equation can be found in chapter 9 of McAdams. 
Strictly, it applies only to flow over horizontal cylinders. However, in the program, it 
is also used for flow down vertical surfaces. 
Other Free Convection Coefficients 
The two other free convection subtype expressions a r e  obtained from a study of chap­
ter 7 of McAdams and of chapter 7 of Kreith. They are actually for nonenclosed spaces, 
but are considered acceptable for two reasons. First, the boundaries at which free con­
vection occurs are far enough from the parts of interest (seal plate and nosepiece) that 
they have little influence. Second, the knowledge of coefficients in enclosed spaces ap­
pears to be limited and to be expressed in terms of overall coefficients. 
Comparison of the two conditions (table I) shows the equations for turbulent flow are 
identical and those for laminar flow differ only in .the constant used. Transition from 
laminar to turbulent flow is considered to occur at GrPr  = 109 (ref. 9). 
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Use of Local Coefficients 
The expression for free convection at vertical surfaces is for a local coefficient in­
stead of an average as is the case for the other cases already mentioned. 
The program deals with small sections of boundary surfaces. There are few, if any, 
places where a fully established velocity profile (e. g. , in duct flow) o r  boundary film 
(e. g., in flat plate flow) exists in seal applications. In the problem of appendix C, as an 
example, the use of a local coefficient is generally preferable. 
While free convection around a horizontal cylinder should properly be considered a 
circumferential flow, the assumption of an axisymmetric temperature distribution implies 
a uniform coefficient around the circumference as well as along the cylinder. 
The conversion of average coefficients to local coefficients is based on text and equa­
tions in chapter 6 of Kreith. 
FIat PIate 
These coefficients and the critical Reynolds number for laminar turbulent transition 
are obtained directly from chapter 6 of Kreith's book. 
Duct Flow, Liquid 
For the most accurate result, the equation used for duct flow depends on the shape of 
the cross section and on the viscosity of the fluid. However, McAdams and also Jakob 
(ref. 11)indicate that the use of pipe flow equations with an equivalent (hydraulic) diam­
eter is acceptable. 
In the example of appendix C, the only fluid flowing in a duct is a synthetic oil with a 
viscosity in the range covered by McAdams recommended equation for turbulent flow. 
The laminar flow expression as well as that for turbulent flow are taken from chapter 9 
of McAdams. 
McAdams' data indicate that transition from laminar to turbulent flow can be con­
sidered as occurring over the Reynolds number range between 2500 and 7500. Kreith and 
also Jakob agree with the overall trend during transition. The equation presented in 





Concentr ic Cy1inders 
This expression is obtained from reference 12. The experimental conditions are 
similar to those found in the problem of appendix C. One assumption is made in the 
problem; the axial flow has a negligible effect on the boundary film. This seems reason­
able for the high rotational speed and the low axial flow velocities. Therefore, the en­
trance effect term is dropped. 
Rotors 
The equations for the remaining two flow types are derived from the results of ref­
erence 13. While the completely shrouded disk used does not duplicate the flow in a seal 
gap, no work applicable to laminar flow (the most probable regime in a seal gap) has yet 
been found. Also the derivation involves using the Reynolds analogy so  the resulting ex­
pressions are only rough approximations. 
In applying the results, the assumption is made that one o r  the other of the following 
situations exists: 
(1)The clearance between the side of a rotating part and the housing or  other sta­
tionary part is so small that the boundary layers are merged at all times (seal gap). 
(2) The clearance is large enough that the boundary layers are separate at all times 
(sides of rotors). This should be a good approximation of the situation in the problem of 
appendix C except for the seal gap. 
The laminar to turbulent transition for the sides of rotors case occurs at a Reynolds 
number of 158 000. For the seal gap case, the critical Reynolds number is a function of 
the ratio of gap clearance to rotor outer radius, that is, 
Derivation of Equations for  t he  Rotor Coefficients 













The torque coefficients CM obtained in reference 13 are ,  in effect, functions of T ~ ;  
that is 
A general form of the equation for shear stress in a pipe (ref. 14, p. 509) 
v w x y zT ~ = A ~  v sw r 
is used to obtain the following expression for the torque coefficient: 
C M = -8sA p v - l J s z  
3 e x  ,2-wa2-x 
This is matched with an empirical equation from reference 13 to evaluate the constant A 
and the coefficients of the properties. Substitution in equations (D4),(D2),and (Dl) gives 
an expression for  the Nusselt number. The heat transfer coefficient h is a factor of the 
Nusselt number; that is, 
hravNU = ­
k 
The free stream velocity V, must still be evaluated. For the seal gap with merged 
boundary layers, V, = rw/2. For  the case of separated boundary layers, the difference 
between the free stream velocity and the rotor velocity is required for a rotating part. 
For a nonrotating part, of course, the difference is the free stream velocity V, = pr. 
Information in'reference 13 indicates that p is a function of the rotor angular velocity 
and the ratio s/a, o r  that p = Kw where K = F(s/a). Evaluating the data presented 
yields the following expressions for K (the coefficient equation can be expressed in terms 
of K, see table I): 
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Kstabr = 0.50185 - 0.6508 
laminar flow 
Krotor = 0.49815 + 0.6508 
Kstator = 0.48558 ­
. .  turbulent flow 




SAMPLE THERMAL PROBLEM FOR COMPARISON WITH EXACT SOLUTION 
To demonstrate the accuracy of the program, the following sample problem (see 
fig. 15) was solved. 
Eiemen (109) 















Figure 15. - Thermal sample problem. Solid cylinder with right end (z = 0)held at 200" F and left end (z = L) held 
at 0" F. Right side boundary elements (i. e., 14, 28, 42, 56, 70, 84,98, and 112)held at 200" F. Left side ele­
ments held at 0" F. 
For the finite cylinder with 0 5 r 5 a and 0 5 z 5 L, 
z = 0 held at 200' F (366 K) 
z = L held at 0' F (255 K) 
Forced convection into a medium at T, = 0' F (255 K) occurs at r = a. 
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For an exact solution, the temperature has to satisfy the following equation for an 
isotropic homogeneous solid: 
which is subject to the following boundary conditions: 
T = 0' F (255 K) at z = L and 0 5 r 5 a 
T = 200' F (366 K) at z = 0 and 0 5 r 5 a 
aTk-+hT=O at r = a  and O - = z c = L  
ar 
If the following definitions are used: 
JO 
Bessel function of first kind, zero order 
J; derivative with respect to its arguments 
Q! root of equation aJA(aa)+ hcJo(aa) = 0 
the exact solution is given by 
2hcJO(ran)sinhkL - z)aJ
T = T m I  (El)  
a hc2 + an Jo(aan)sinh(Lan)2 
n=1 
For the numerical solution, a coarse mesh of 112 elements was chosen. A s  indica­
ted in figure 15, the 96 elements between z = 0 and z = L had 0.5-inch (1.27-cm) ra­
dial and axial dimensions. The 16 elements constituting boundary conditions had 0.25­
inch (0.635-cm) axial dimensions. 
The temperatures were calculated by means of the program and of equation (El ) .  
The following values were required to obtain solutions: 
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a = 4.0 in. (10cm) hc = 0.020 Btu/(sec)(ft 2 0  )( C))( F); 0.0098 cal/(sec)(cm 2 0  
L = 6.0 in. (15cm) k = 0.00361 Btu/(sec)(ft)(OF); 0.0537 cal/(sec)(cm)('C) 
The results are shown in figure 16 and table III. The maximum error using this 
coarsemesh is 15 percent. A finer mesh would be expected to show a lesser error.  
(Element) '(100) (101) (108) (109) (110) (111) U12)
Exact solution 2 71 8.22 75.54 96.55 125.5f 169.61 mo 
Program solutior 2 57 7.2t 74.15 95.52 124.9l 163.09 
(86) (87) (88) (94) (95) (96) (97) (92)
3. 23 9.81 16.K 88.35 111.44 141. 15 178.86 
3. 11 8.65 15.35 86.59 110.16 140.81 175.96 
(72) (73) (74) (80) (81) (82) (83) (84) 
3. 70 11.23 19.21 98.13 121.68 149.94 182.68 200
3.55 9.87 17. 54 96.06 120.32 150.N 180.94 
(58) (59) (60) (66) (67) (68) (69) (70)
4. 10 12 45 21. 27 105.30 !28.59 155.30 184.74 ,200
3.92 LO. 88 19.32 102.98 127.19 155.Z 183.40-
wl) (45) (46) (47) (48) (49) (50) (51) (52) (55) (56)
4.43 13.44 22.94 33.28 44.80 57.90 7295 90.34 no. 38 185.99
4.21 11.68 ?o. 72 3.62 141. i'd 54.64 6 9 . 4  87.19 L07.81 184.78 
(300) (31) (38) (41) (42)
4. 67 14.19 .13.84 186.77 2w
4.41 1224 110.96 185.58 
(16) (17) ( 18) (24) (27) (28)
4.84 14.69 !5.04 J5.99 187.22 
4.53 1257 !2 28 .1271 186.00 
(2) (3) (4) 1 (5) 1 (6) 1 (7) 1 (8) 1 (9) (10) -(13) (14)
4.93 ,494  !5.41 36.83 49.37 63.42 79.25 97.08 17.02 187.41 
4.57 .2 68 !247 33.15 45.11 58.75 74.45 9 2  55 .13.27 186.14 
Figure 14 - Thermal sample problem showing thermal distribution. 
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OF 
-. __ - OF-____ OF 
2 4.925 4.571 7.19 58 4.097 3.920 4.3: 
3 14.943 12.682 15.13 59 12.448 10.883 12.5' 
4 25.465 22.471 11.76 60 21.270 19.322 9.u 
5 36.830 33.150 9.99 61 30.903 28.592 7.41 
6 49.372 45.109 8.63 62 41.707 39.088 6.21 
7 63.415 58.746 7.36 63 54.087 51.250 5.2! 
8 79.246 74.446 6.06 64 68.487 65.576 4.2: 
9 97.082 92.548 4.67 65 85.394 82.621 3.2: 
10 117.018 113.272 3.20 66 105.298 102.978 2.2t 
11 138.969 136.631 1.68 67 128.585 127.185 1. OE 
12 162.620 162.308 .19 68 155.300 155.304 .1: 
13 187.408 186.137 .68 69 184.744 183.395 .7: 
16 4.841 4.532 6.38 72 3.695 3.552 3.87 
17 14.691 12.573 14.42 73 11.230 9.868 12.13 
18 25.044 22.281 11.03 74 19.210 17,536 8.71 
19 36.240 32.876 9.28 75 27.954 25.986 7.06 
20 48.619 44.749 7.96 76 37.822 35.598 5.88 
21 62.515 58.303 6.74 77 49.226 46.819 4.89 
22 78.233 73.932 5.50 78 62.661 60.178 3.96 
23 96.016 91.985 4.20 79 78.724 76.328 3.04 
24 115.990 112.708 2.83 80 98.134 96.063 2.11 
25 138.096 136.134 1.42 81 121.684 120.316 1.12 
26 162.028 161.968 .04 82 149.987 150.003 .ll 
27 187.216 186.004 .65 83 182.681 180.937 .95 
30 4.670 4.412 5.52 86 3.227 3.106 3.75 
31 14.188 12.242 13.72 87 9.811 8.650 11.83 
32 24.202 21.702 10.33 88 16.797 15.391 8.37 
33 35.056 32.041 8.60 89 24.477 22.837 6.70 
34 47.102 43.654 7.32 90 33.187 31.344 5.55 
35 60.690 56.952 6.16 91 43.330 41.338 4.60 
36 76.162 72.354 5.00 92 55.415 53.359 3.71 
37 93.815 90.252 3.80 93 70.114 68.116 2.85 
38 113.843 110.955 2.54 94 88.353 86.586 2.00 
39 136.253 134.579 1.23 95 111.444 110.157 1.15 
40 160.767 160.892 .08 96 141.150 140.806 .24 
41 186.765 185.584 .63 97 178.863 175.963 1.62 
44 4.425 4.207 4.93 100 2.705 2.574 4.84 
45 13.437 11.678 13.09 101 8.227 7.260 11.75 
46 22.941 20.716 9.70 102 14.091 12.941 8.16 
47 33.276 30.616 7.99 103 20.551 19.220 6.48 
48 44.802 41.774 6.76 104 27.899 26.411 5.33 
49 57.897 54.618 5.66 105 36.497 34.896 4.39 
50 72.951 69.603 4.59 106 46.814 45.168 3.52 
51 90.343 87.192 3.49 107 59.503 37.913 2.67 
52 110.384 107.809 2.33 108 75.544 74.148 1.85 
53 133.215 131.727 1.12 109 96.548 95.518 1.07 
54 158.647 158.871 .14 110 125.551 124.981 .45 
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